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Dear Sir 

I, MAHHNDRA S. RAO, M.D., Ph,D.. pursuant to 37 G.F.R. § 1 .132, declare: 

1 . I received an M.D. (MBBS) degree in Medicine from Bombay University, 
Bombay India and a Ph.D. degree in Medicine from California Institute of Technology in 
Pasadena, California. 

2. I am a Section Chief for the Stem Cell Unit at the laboratory of 
Neurosciencc, at NIA (National Institute on Aging), Triad Technology Center, 333 Cassell Drive, 
Baltimore, MD 21 224; an Associate Professor of Neuroscienccs at Johns Hopkins University 
School of Medicine, Baltimore, MD 21224; and an Associate Professor at NCBS, Bangalore, 
India. 

3. I am a founder of and shareholder in Q Therapeutics, Inc., 61 5 Arapecn 
Drive, Suite 102, Salt f-alce City, Utah 84108, which I understand has an exclusive license under 
the present patent application. 

4. I am fami 1 iar with the subject matter of the present patent appl i cation which 
I understand is directed to an enriched or purified preparation of human mitotic oligodendrocyte 
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progenitor cells where the cyclic nucleotide phosphodiesterase 2 promoter (i.e. CNP2) is 
transcriptionally active in all cells of the enriched or purified preparation. 

5. I am a co-inventor of U.S. Patent No. 6,361 ,996 ("'996 Patent"), which I 
understand has been used as a basis for rejecting claims in the above application. I present this 
declaration to demonstrate why the subject matter of the 4 996 Patent is very different from that of 
the present patent application. 

6. The '996 Patent discloses multi potential neuroepithelial stem cells and 
Unease-restricted astrocyte/oligodendrocyte precursor cells. The astrocy tc/oligodendrocyte 
precursor cells are derived from neuroepithelial stem cells, are capable of self-renewal ; and can 
differentiate into astrocytes and oligodendrocytes but not neurons. The '996 Patent characterizes 
these cells as " multi potential intermediate precursor cells restricted to glial lineages" (emphasis 
added)(column 23, lines 1 -5). Similarly, my paper Rao, et. a!., "Giial-Restrictcd Precursors are 
Derived From Multi potential Neuroepithelial Stem Cells," DeveL Biol. 188: 48-63 (1997) clearly 
demonstrates that such A2B5+/NCAM- cells are capable of generating both astrocytes and 
oligodendrocytes and do not appear committed to the oligodendrocyte lineage. The '996 Patent's 
astrocyte/oligodendrocyte precursor cells arc in a less differentiated state than the oligodendrocyte 
progenitor cells or the present patent application and, therefore, are very different from the cells 
described in this present application. 

7. As shown in Figures 1 -2 of the *996 Patent, the astrocyte/oligodendrocyte 
precursor cells 14 and 54, respectively, differentiate directly into two cell types - Le. of astrocytes 
and oligodendrocytes. We also know from clonal analysis that there is a homogeneous population 
of astrocyte/oligodendrocyte precursor cells in which individual cells generate oligodendrocytes 
and two kinds of astrocytes by the process described in the '996 Patent. It is important to note 
that multiple pathways to generate postern itotic, mature oligodendrocytes, have been described. 
Anderson and colleagues have shown that an oligodendrocyte/motorneuron precursor exists that 
does not make astrocytes <Zhou et al., "The bHLH Transcription Factors OLIG2 and OLIG I 
Couple Neuronal and Glial Subtype Specification/' Cell 1 09:61-73 (2002) (attached hereto as 
Exhibit 1)). Other investigators have shown distinct sites of origin of oligodendrocytes and 
astrocytes presumably from separate precursors (Vallstedt et al., "Multiple Dorsoventral Origins of 
Oligodendrocyte Generation in the Spinal Cord and Hindbram/' Neuron 45:55-67 (2005) (attached 
hereto as Exhibit 2) and Cai et al- 7 "Generation of Oligodendrocyte Precursor Cells from Mouse 
Dorsal Spinal Cord Independent of Nkx6 Regulation and Shk Signaling/' Neuron 45:41-53 (2005) 
(attached hereto as Exhibit 3)). Yet other investigators have shown that different kinds of 
oligodendrocyte progenitors exist (Pringle et al. t Expression by Astrocytes and Their 
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Precursors: Evidence thai Astrocytes and Oligodendrocytes Originate in Distinct Neuroepithelial 
Domains," Development 1 30:93-102 (2003) (attached hereto as Exhibit 4)). We are not aware of 
any evidence that the astrocyte/oligodendrocyte precursor cells of the '996 Patent generated 
mature oligodendrocytes by way of an intermediate oligodendrocytc-specific precursor. Indeed, 
Oregon et aL, "The Tri potential Glial -Restricted Precursor (GRP) Cell and Glial Development in 
the Spina] Cord: Generation of Bipotential Oligodendrocyte-Type-2 Astrocyte Progenitor Cells 
and Dorsal -Ventral Differences in GRP Cell Function," 7. NcurvscL 22( ] ):248-256 (2002) 
(attached hereto as Exhibit 5) have suggested that the '996 patent describes a glial progenitor that 
gives rise to a more restricted astrocyte/oligodendnxytc precursor that still directly makes 
predominantly astrocytes and a small minority of oligodendrocytes. Thus, ceils in the '996 
Patent's pathway to oligodendrocyte production are bi-potential astrocyte/oligodendrocyte 
progenitor cells that have strong astrocytic bias. These cell types are very different from the 
oligodendrocytc-specifted progenitor cells of the present application. 

8. I hereby declare that all statements made herein of my own knowledge arc 
true and that a! I statements made on information and belief arc believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1 001 of Title 1 8 of the United 
States Code, and that such willful false statements may jeopardize J^e validity of the application or 
any patent issuing thereon. 
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Summary 

OLIG1 and OLIG2 are basic-helix-loop-helix (bHLH) 
transcription factors expressed in the pMN domain of the 
spinal cord, which sequentially generates motoneu- 
rons and oligodendrocytes. In Oligl 12 double-mutant 
mice, motoneurons are largely eliminated, and oligo- 
dendrocyte differentiation is abolished. Lineage trac- 
ing data suggest that Olig1~ , ~2' , ~ pMN progenitors in- 
stead generate V2 intemeurons and then astrocytes. 
This apparent conversion likely reflects independent 
roles for OLIG1/2 in specifying motoneuron and oligo- 
dendrocyte fates. Olig genes therefore couple neu- 
ronal and glial subtype specification, unlike proneural 
bHLH factors that control the neuron versus glia deci- 
sion. Our results suggest that in the spinal cord, Olig 
and proneural genes comprise a combinatorial code 
for the specification of neurons, astrocytes, and oligo- 
dendrocytes, the three fundamental cell types of the 
central nervous system. 

Introduction 

The three fundamental cell types of the vertebrate cen- 
tral nervous system (CNS) are neurons, astrocytes, and 
oligodendrocytes. This basic triad comprises many hun- 
dreds or even thousands of distinct neuronal subtypes, 
in addition to subtypes of astroglia and perhaps of oligo- 
dendroglia as well (Raff, 1989; Woodruff et al., 2001). 
The molecular mechanisms by which these diverse neu- 
ral cell types are properly generated in space and time 
are incompletely understood. In recent years, a great 
deal has been learned about the transcriptional control 
of the neuron-glial fate decision (Tomita et al., 2000; 
Nieto et al., 2001; reviewed in Vetter, 2001) and about 
the control of neuron subtype specification (Briscoe et 
al., 2000; Jessell, 2000). Rather less is known, however, 
about the transcriptional control of glial subtype deter- 
mination. 

Two major classes of transcription factors have 
emerged as determinants of neuron versus glial fate 
determination and of neuron subtype specification: the 
basic-helix -loop-helix (bHLH) factors (Vetter, 2001) and 
homeodomain (HD) factors (Jessell, 2000), respectively. 
In vertebrates, bHLH factors homologous to the Dro- 
sophiia proneural genes, such as the Neurogenins 
(Ngns) (Gradwohl et al. f 1996; Ma et al., 1996; McCor- 
mick et al„ 1996) and Mashl (Johnson et al., 1990), 
promote neuronal differentiation at the expense of the 
glial fate (Tomrta et al.,-2000; Nieto et-al. r 2001; Sun et — 
al., 2001 b). In the spinal cord, a combinatorial code of 
HD transcription factors specifies the regional identity 
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of progenitor domains along the dorso-ventral axis 
(Briscoe et al., 2000; Jessell, 2000). Motoneurons are 
generated from the pMN domain, while V0, V1 , V2, and 
V3 intemeurons are generated from the pO, pi , p2, and 
p3 domains, respectively (Briscoe et al., 2000; Jessell, 
2000). This discontinuous patterning arises from mutu- 
ally repressive interactions between the HD factors that 
specify adjacent progenitor domains (Briscoe et al. f 
2000; Muhr et al., 2001). 

Recently, we and others identified a subclass of neural 
bHLH factors, called Olig genes (Lu et al., 2000; Take- 
bayashi et al., 2000; Zhou et al., 2000). In the mouse, 
there are two Olig genes that are specifically expressed 
in oligodendrocyte precursors, called Oligl and 2 (Lu et 
al., 2000; Zhou et al., 2000), while in the chick a single 
gene orthologous to Olig2 has been identified (Mizu- 
guchi et al., 2001; Zhou et al., 2001). In the spinal cord, 
oligodendrocyte precursors emerge from a highly re- 
stricted domain of the ventral ventricular zone (Miller, 
1996; Richardson et al., 2000). This region is precisely 
demarcated by expression of Oligl and Olig2 (Lu et al., 
2000; Zhou et al., 2000). Olig2 is sufficient to cause 
ectopic differentiation of oligodendrocytes in the chick 
spinal cord when misexpressed together with the HD 
factor Nkx2.2 (Sun et al., 2001 a; Zhou et al., 2001 ), while 
Oligl promotes oligodendrocyte differentiation in rodent 
cortex (Lu et al., 2001). 

Prior to oligodendrogliogenesis, the domain of Olig2 
expression corresponds to the pMN domain, from which 
motoneurons are generated (Takebayashi et al., 2000; 
Mizuguchi et al., 2001; Novitch et al., 2001). Gain-of- 
f unction experiments suggest that OLIG2 plays a deter- 
minative role in patterning the pMN domain and also 
initiates motoneuron differentiation and cell cycle arrest, 
in part by promoting expression of Ngn2 (Mizuguchi et 
al., 2001; Novitch et al., 2001). These data suggest that 
OLIG2 sequentially controls both motoneuron and oligo- 
dendrocyte fate determination. Interestingly, the bHLH 
factor appears to function in both cases as a transcrip- 
tional repressor (Novitch et al., 2001 ; Zhou et al., 2001). 

To rigorously assess the requirement for Olig genes 
in motoneuron and oligodendrocyte differentiation, we 
have generated double-homozygous mice lacking both 
Oligl and Ofig2. In Oligl /2 double mutants, presumptive 
motoneuron precursors are transformed into V2 in- 
temeuron precursors, and oligodendrocytes are lost 
throughout the brain and spinal cord. Surprisingly, many 
0//o/2-expressing oligodendrocyte precursors are trans- 
formed into astrocytes. Thus, in the absence of Oligl /2 
function, the sequential production of motoneurons and 
oligodendrocytes is converted into the sequential pro- 
duction of intemeurons and astrocytes. These data sug- 
gest that Olig genes couple neuronal and glial subtype 
specification. 



Generation of Oligl and Olig2 Double-Mutant Mice 
The coexpression of Oligl and Olig2 in vivo (Zhou et al., 
2000) raised the possibility that deletion of either of 
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these genes alone might be compensated by the func- 
tion of the other. In order to circumvent this problem, 
we decided to generate an Oligl and Olig2 double mu- 
tant. The mouse Oligl and Olig2 genes are tightly linked 
on chromosome 1 6, about 36 kb from each other (data 
not shown). In order to preserve the Oligl -Otig2 in- 
tergenic region, double-mutant mice were generated 
through two rounds of homologous recombination in 
ES cells. The Olig2 coding region was replaced by a 
targeting cassette composed of a histdne-GFP (hGFP) 
fusion (Kanda et al., 1998) and PGK-neomycin (Figures 
1 A and 1 B), while the Oligl coding region was replaced 
by a tau-LacZ and PGK-hygromycin cassette (Figures 
1 D and 1 E). 

Using a Cre/Iox-mediated analytic strategy (see Ex- 
perimental Procedures), two ES clones were identified 
in which the Oligl and Olig2 targeted loci lay in cis 
(Figure 1 H). Sister cells from these clones, unmodified 
by Cre recombinase, were injected into blastocysts, and 
the targeted alleles were transmitted through the germ 
line (Figures 1C and 1F). Double-heterozygous mice 
were bom at the expected Mendelian frequency and 
were viable and fertile. However, no live births of homo- 
zygous mice were observed, and starting from E18.5, 
the homozygous embryos appeared smaller than their 
littermates. 

We initially examined the pattern of GFP and LacZ 
expression in heterozygous Oligl +, 'Olig2 +/ ' embryos 
between E9.5 and E16.5. At E9.5, GFP was strongly 
expressed in a ventral domain of the spinal cord that 
corresponds to pMN (Figure 11), similar to the pattern 
of endogenous Olig2 expression (Figure 1J; also see 
Takebayashi et al., 2000). In contrast, only a few cells 
were observed to be weakly lacZ positive at this stage 
(Figure 1 N), in agreement with the relatively weak ex- 
pression of endogenous Oligl during the period of neu- 
rogenesis (Figure 10). At E16.0, when Olig2 expression 
is restricted to oligodendrocyte precursors (Lu et al., 
2000; Zhou et al., 2000), nearty all OLIG2-positive cells 
were also GFP-posrtive (Figures 1 K-1 M, arrows). In ad- 
dition, GFP colocalized extensively with the Oligl 
knockin marker tau-lacZ (Figures 1 P-1R, arrows), con- 
sistent with the coexpresston of endogenous Oligl and 
2 in oligodendrocyte precursors (Zhou et al., 2000). Thus, 
in heterozygous Oligl +/ ~Olig2 +/ ~ mice, the expression 
of GFP and tau-lacZ faithfully recapitulates the pattern 
of endogenous Olig2 and Oligl expression in cells of 
both the motoneuron and oligodendrocyte lineages. 



Deletion of Olig2 and Oligl Results in Loss 
of Motoneurons and a Concomitant Ventral 
Expansion of V2 Intemeurons 

We first focused our analysis of Oligl 72 double-mutant 
embryos on the generation of several neuronal subtypes 
derived from the four ventral-most progenitor domains 
of the spinal cord: En1 + V1 intemeurons, Chx10 + V2 
intemeurons, tel1/2 + and Hb9 + motoneurons, and Ngn3 + 
V3 intemeurons (Figures 2A-2E). Most lsl1/2 + , Hb9 + mo- 
toneurons were lost at all axial levels of the homozygous 

mutant spinal cord at E10.5 (Figures 2H, 21, and 2K, 
white bars), while the number of such motoneurons was 
the same in hetero zygote and wild -type (Figures 2C t 2D, 



and 2K, dark and light gray bars). The loss of motoneu- 
rons in the Ofig1" / ~Olig2- / ~ spinal cord was not due to 
cell death, as no increased apoptosis was detected by 
the TUNEL assay at this stage (Figures 30 and 31). 
Although very few presumptive motoneurons (lsh/2 + , 
Hb9 + cells) were detectable at E10.5 in Oligl - , -Olig2^ , ~ 
embryos (Figures 2H and 21, arrowheads), it was possible 
that a normal number of these neurons might be recovered 
at later stages through compensatory mechanisms. How- 
ever, at E13.5, neither somatic (Figures 2L and 2M, arrows) 
nor visceral (Figures 2L and 2M, arrowheads) motoneu- 
rons were detected in the Olig1~ ( ~Olig2~ , ~ spinal cord 
(Figures 2P and 2Q, arrows and arrowheads, and 2T, 
white bars). Moreover, no projecting axons were ob- 
served in the ventral root (Figures 20 and 2S, arrows), 
consistent with a lack of both classes of spinal moto- 
neurons. 

In contrast to the dramatic loss of motoneurons, the 
number of Chxl 0 + cells, which derive from the p2 do- 
main just dorsal to the pMN domain, was increased by 
about 80% in the double-null mutant spinal cord at E1 0.5 
(Figures 2B versus 2G; 2K, ChxIO, white bar). Further- 
more, many Chx10 + cells occupied a more ventral posi- 
tion, in territory normally occupied by motoneurons (Fig- 
ure 2G, yellow arrowhead). The increased number and 
ventral expansion of Chx10 + V2 intemeurons were also 
apparent at E13.5 (Figures 2N, 2R, and 2T). The number 
and distribution of En1 + V1 intemeurons and Ngn3 + V3 
intemeurons, by contrast, were largely unaltered in the 
mutant (Figures 2A, 2E, 2F, 2J, and 2K). 

The preceding data suggested that in the absence of 
Oligl 12 function, pMN progenitors might give rise to V2 
intemeurons instead of motoneurons. To confirm this, 
we used the Olig2 knockin marker hGFP as a short-term 
lineage tracer to compare the identities of the neuronal 
progeny derived from the pMN domain of heterozygous 
versus homozygous Oligl 12 double-mutant embryos. In 
heterozygotes, Olig2-hGFP-derived precursors gave 
rise to Islet1/2* motoneurons (Figure 3A, yellow cells) 
but not Chx1 0 + V2 intemeurons (Figure 3B). By contrast, 
in the homozygotes there were many GFP + , Chx10 + 
cells present in the marginal zone lateral to the pMN 
domain of the ventricular zone (Figure 3G, yellow cells). 
At no time did we detect any Isletl /2 + Chx1 0 + phenotypi- 
cally hybrid cells (data not shown). In the immediately 
overlying p2 domain, Chx1 0 + GFP ~ V2 intemeurons were 
produced in both heterozygotes and homozygotes (Fig- 
ures 3B and 3G, white arrowheads). These data strongly 
suggest that precursor cells from the pMN domain of 
Oligl /2 homozygous animals generate V2 intemeurons 
instead of motoneurons. 

Irx3 Is Derepressed in pMN in the Absence of Olig2 
and Oligl and Respecrfies pMN to p2 
The loss of motoneurons and concomitant ventral 
expansion of V2 intemeurons in the double-null mutant 
could reflect a conversion of the pMN domain to a p2 
identity. Consistent with this idea, the expression of Irx3, 
a p2 domain patterning molecule (Briscoe et al., 2000), 
- - expanded into the pMN domain in Olig 1 ~ / ~Olig2~ , ~ dou — 
ble mutants at E10.5 (Figures 3C and 3H, arrows). Pax6 
expression, which is high in the p2 domain but lower 
in the pMN domain (Figures 3D, arrow, and 3E), also 
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Figure 1 . In activation of Oligl and Olig2 by Homologous Recombination 
(A-C) First round of homologous recombination at the Olig2 locus. 

(A) A H'tstone-EGFP/loxp/PGK neomycin cassette replaced the Olig2 coding region. 

(B) Correct recombination at Olig2 locus verified by Southern blot analysis of ES clones. 
(D-F) Second round of homologous recombination at the Oligl locus. 

(D) A tau-LacZ/loxp/PGK hygromycin cassette replaced the Oligl coding region in ES cells in which one Otig2 locus had been successfully 
targeted. Abbreviation: DTA, diphtheria toxin A chain. 

(E) Correct recombination at the Oligl locus verified by Southern blot. 

(C and F) Successful germltne transmission of the targeted Olig2 and Oligl alleles in Oligl ,2 double-mutant embryos confirmed by genotyping 
with specific PCR primers. 

(G and H) Schematic diagram showing that the two targeting cassettes could lie either in trans (G) or in cis (H) to each other. A Cre/Loxp 
analysis was used to identify ES cells in which the two cassettes lie in cis (see Experimental Procedures). 

(I, J, N, and O) Expression of histone-EGFP and tau-LacZ in the heterorygotes. Thoracic spinal cord sections of E9.5 OUg1 +'-Olig2+ / ~ 
heterozygous embryos were either jabeled with anti-GFP antibody (1) or anti-LacZ antibody (N) or were^probed by in situ hybnyjzatiojT_wjth 
cRNAs aga^nsT0li^2 (Jf anonOligl (O). " 

(K-M and P-R) Thoracic spina) cord sections from E16.0 Oligl ^ / ~Olig2 +, ~ heterozygous embryos were double labeled with antibodies to GFP 
and Olig2 (K-M) or to GFP and lacZ (P-R). Extensive colocalization of GFP and Olig2 (K-M) as welt as GFP and tau LacZ (P-R) were observed. 
Arrows indicate double-positive cells. A small number of GFP + cells was found to be 0lig2~ at this stage (K-M, arrowheads). 
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Figure 2. Loss of lsl1/2 + Hb9 + Motoneurons and Concomitant VentraJ Expansion of Chx10 + V2 Intemeurons in the Absence of Otigl and Olig2 
(A-K) Crosssections of E10.5 thoracic spina) cord were stained with antibodies to detect four types of ventral neurons: En1 * V1 intemeurons 
(A and F), Chx10 + V2 intemeurons (B and G, arrowheads), Ish72 + and Hb9 + motoneurons (C. D, H, and I), and Ngn3 + V3 intemeurons (E and 
J). Note the dramatic reduction of 13)1/2+ and Hb9 + motoneurons in the homozygous spinal cord (C t D, H, and I), while the Chx10 + V2 neurons 
increased in number and expanded ventral fy (B and G, arrowheads). Arrowheads in (H) and (I) indicate the few residual motoneurons formed 
in the homozygote. White and ye! low arrowheads in (B) and (G) indicate Chx10+ V2 intemeurons in the p2 and pMN domains, respectively. 
Quantitative analysis is shown in (K). The number of marker positive cells is presented as mean ± S.D. from nine sections of three embryos. 
lsl1/2 + Hb9 + motoneurons decreased to <5%, and Chx10 + V2 neurons increased ~80% in the double-null mutant compared to heterozygote 
or wild-type. 

(L-T) Motoneuron phenotype at E13.5. Both visceral (L and M, arrowheads) and somatic (L and M, arrows) motoneurons were lost in the 
homozygotes (P and Q, arrowheads and arrows). In addition, projecting axons were selectively lost in the ventral root of the null mutant (O 
and S, arrows). Quantitative analysis revealed a 60% increase in the number of Chx10 + cells in the double-null mutant (T; mean ± S.O., six 
sections from 2-3 animals). 



increased in the pMN domain of the null mutant, so that 
cells in both pMN and p2 were now expressing equally 
high levels of Pax6 (Figure 31, arrow). The observed 
ventral expansion of Irx3 is predicted by the observation 
that Irx3 and OLIG2 exert crossrepressive activities in 
gain-of -function assays (Novrtch et al., 2001). Surpris- 
ingly, however, it did not cause a complete loss of GFP 
expression from the Olig2 locus (Figures 3P and 3R), 
perhaps because the repressive effect of Irx3 is overrid- 
den by the higher levels of Shh signaling more ventrally. 
The expression of several other ventral spinal cord pat- 
terning rnolecules, including Dbx 2, Nkx6.1 T Nkx6.2, and- 
Nkx2.2 (Briscoe et al., 2000), was unchanged in Otig1/2 
double mutants (data not shown). Taken together, these 
data suggest that in the absence of Olig1/2, pMN cells 
are converted to a p2 identity (Figures 3E and 3J). 



Olig2 and Oligl Regulate Neurogenin 2 
Expression in pMN 

Ectopic expression studies in chick suggested that dele- 
tion of Olig2 and Oligl should cause a loss of Ngn2 
expression in the pMN domain (Novrtch et al., 2001). 
Consistent with this prediction, no NGN2-posrtive cells 
were detected in the presumptive pMN domain of the 
OIig1-'-Olig2-'- mutant at E10.0 (Figure 3P), while 
prominent NGN 2 expression was evident in the GFP + 
pMN domain of the heterozygous spinal cord (Figure 
3K, yellow cells). The lack of apoptotic cells detected 
by TUNEL-labelmo; in the mutant spinal cord (Figures ~ 
30 and 3T) suggests that the loss of NGN2 + cells in 
the pMN domain does not reflect cell death. We also 
observed a slight ventral expansion of MASH1 into pMN 
in Otigl /2 double mutants (Figures 3L versus 3Q, arrow). 



Cell Fate Transformations in Olig1/2 Mutant Mice 
65 



E10.5 



j GFP/Islet1/2 


j GFP/Chx10 


Irx3/Nkx2.2 || PaxS/Nkx2.2 


+ 


A 


B P 


c 




• 


F 

f. ~- 


G 


*- 


1 ^ ^ v 



HI #V3 

Nkx2.2 




| E10.0 


I 


E10.5 




GFP/Ngn2 


| GFP/Mash1 || 


GFP/Brdu |[ Brdu 


TUNEL 





Figure 3. Derepression of Irx3 and Repression of Neunogent'n2 in the pMN Domain of OUg1~ , -Oiig2~'~ Embryos 

(A, B t F, and G) OLIG2-hGFP + precursors in pMN generate lsletl/2* motoneurons in heterozygotes (A, yellow cells) but instead produce 
Chx1 0 + V2 intemeurons in homozygotes (G, yellow arrowhead). White arrowheads in (B) and (G) indicate Chx10 + , OLIG2-hGFP~ V2 intemeurons 
generated from the p2 domain. 

(C and H) Irx3 is derepressed in the pMN of the mutant spinal cord (H, arrow), as is Pax6 (D and I; arrows indicate pMN domain). 
(E and J) Summary of the ventral spinal cord patterning defects in Otig1/2 mutants. 

(K, P) Neurogenin 2 (Ngn2) expression is selectively lost in pMN of the mutant at E10.0, while a delayed expansion of MASH1 into this domain 
is detected at E10.5 (L and Q, arrowhead). 

(M, N, R, and S) Many BrdU* cells persist outside the ventricular zone of the pMN in the null mutant (S, arrowheads) compared to heterozygotes 
(N); the same fields with GFP expression superimposed are shown in (R) and (M), respectively. 

(O and T) No significant cell death was observed in the spinal cord at this stage (E10.5). Arrows indicate apoptotic cells outside the spinal cord. 



As Mashl has recently been shown to be necessary 
and sufficient for Chx1 0 expression (Parras et al., 2002), 
these results may explain how V2 intemeurons can dif- 
ferentiate from the mutant pMN despite the absence of 
NGN2 (Scardigli et al., 2001). 

Since NGN2 has been shown to promote cell cycle exit 
and terminal differentiation (Farah et al., 2000; Novitch et 
al. v 2001 ), we reasoned that the loss o1Ngn2 expression 
in pMN might cause delayed cell cycle exit by 
pMN -derived precursors as they migrated from the ven- 
tricular zone. To assess this, we measured BrdU incor- 
poration after a 2 hr pulse in vivo at E1 0.5. An increased 
number of BrdU- cells was detected outside the ventric — 
ular zone in the GFP + region of the double-null mutant 
(Figures 3M, 3N, 3R, and 3S, arrowheads). These data 
suggest that pMN cells lacking OLIG2 fail to exit the 
cell cycle before migrating into the marginal zone. The 



presence of ectopic MASH1 + cells in pMN is not incon- 
sistent with this observation, as we have recently found 
that MASH1 promotes cell cycle arrest less efficiently 
than does NGN2 (Lo et al., 2002). 

Failure of Oligodendrocyte Development 
in Olig1/2 Double Mutants 

We next examined the phenotypic consequences of 
Oltg2 and Oligl deletion on the development of oligo- 
dendrocytes. To detect oligodendrocyte precursors, 
PDGFRol and Sox10 were used as markers (Hall et al., 
1 996; Zhou et al., 2000), while MBP and PLP/DM20 were 
- used to detect- mature oligodendrocytes- (Zhou et- al.v - 
2001). At no time did we detect expression of any of 
these markers in the Ofig1/2 double-homozygous mu- 
tant at all axial levels of spinal cord examined (Figure 
4, -/-, and data not shown) as well as in all brain 
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Figure 4. Spinal Cord Oligodendrocytes Fail to Develop in the Absence of Oligl and Olig2 

(A-R) In situ hybridization with the oligodendrocyte precursor markers PDGFRa and Sox10 on crosssections of thoracic spinal cord at indicated 
stages. Note the total absence of PDGFRa and Sox 10 expression in the null mutant spinal cord (C, F, I, L, O, and R). 

(S-DD) No MBP* or PLP/DM20* mature oligodendrocytes were detected in null mutant spinal cord (U, X, AA, and DD). In addition, the number 
of MBP + and PLP/DM20+ oligodendrocytes was smaller in the heterozygotes (Z and CO) than in wild-type (Y and BB) at E18.5. 



areas examined (Figures 5D-5F and data not shown). 
In contrast, numerous cells expressing these oligoden- 
drocyte precursor and differentiation markers were 
present in the wild-type (Figure 4, +/+) and heterozy- 
gous (Figure 4, +/-) spinal cord and brain (Figures 
5A-5C and data not shown). Thus, there is a total failure 
of oligodendrocyte formation in the Oligl ~ / ~Olig2~ / ~ 
double mutant. 

Cell counts at E16.5 revealed no decrease in the num- 
ber of PDGFR<x + precursors at thoracic levels of the 
spinal cord in heterozygotes compared to wild-type 
(297 ± 17 versus 290 ±19 cells per 18 yjm section, 
respectively; mean ± S.D., n = 6 sections from three 
embryos). Consistent with these data, in heterozygotes 
at E16.5 and P8 f MBP and PLP/DM20 expression was 
normal (Figures 4S, 4T, 4V, and 4 W and data not shown). 
Surprisingly, however, between El 8.5 and P0, there was 
significantly less expression of these mature oligoden- 
drocyte markers in the heterozygotes compared to wild- 
type (Figures 4Y, 4Z, 4BB, and 4CC and data not shown}.- - 
These data suggest that a full dosage of Olig genes is 
required forthe progression of oligodendrocyte differen- 
tiation but not for the initiation of this process. 



Oligl Is Functionally Redundant with Olig2 
in Hindbrain Oligodendrocyte Development 
We next examined the phenotype of Oligl/ 2 double- 
knockout embryos in the hindbrain. As in the spinal cord, 
hindbrain somatic motoneuron differentiation did not 
occur in Oligl 12 double mutants, as evidenced by the 
loss of ls!1/2"\ Hb9 + cells and of the Xll* cranial somatic 
motor nerve (Figures 5G-5I versus 5J-5L, arrows). In 
contrast, visceral motoneurons, identified by compres- 
sion of lsl1/2 and Phox2b (Dubreuil et al. f 2000), were 
generated (Figures 5J-5L, arrowheads). These results 
are consistent with the fact that visceral motoneurons 
in the hindbrain derive from the p3 domain (Briscoe et 
al„ 1 999), which does not express either Oligl or Olig2 
(data not shown). 

In Olig2~'~ single mutants, oligodendrocytes are 
spared in the hindbrain while they are lost throughout 
the spinal cord (Lu et al., 2002 [this issue of Cell]), in 
contrast, we found that neither oligodendrocyte precur- 
— so rs nor mature oHgodendrocytes were generated in the — 
hindbrain of Oligl 12 double mutants (Figures 5D-5F), as 
was the case in all other brain areas examined (not 
shown). Taken together, these data suggest that Oligl 
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Figure 5. Loss of Hindbratn Oligodendro- 
cytes in the Null Mutant Is Preceded by the 
Loss of Hind brain Somatic But Not Visceral 
Motoneurons 

(A-F) In situ hybridization was performed on 
head saggitaJ sections of E16.5 wild-type or 
double-null mutant embryos. The pictures 
were taken from the midbrain-hindbrain re- 
gion encompassing pons (p.) and medulla 
(m.). No oligodendrocytes were present in the 
hind brain (D-F) as well as other brain areas 
of the double mutants (data not shown). 
(G and J) Whole-mount Tuj1 antibody label- 
ing of E1 0.5 embryos. The XII* cranial motor 
nerve (hypoglossal, arrowhead) was missing 
from the homozygote. 

(H-L) In the caudal hindbrain of the null mu- 
tant, lsH/2 + and HbS"" somatic motoneurons 
were lost (K and L, arrows), while ts!1/2 + and 
Hb9~ visceral motoneurons were still present 
(K and L, arrowheads). 



can compensate for the lack of Otig2 in oligodendrocyte 
(but not somatic motoneuron) generation in the hind- 
brain but not in other regions of the CNS. 

Oligodendrocyte Precursors Are Transformed 
into Astrocytes in the Absence of Otig2 and OUg1 
The absence of oligodendrocyte precursors in OUg1/2 
double-mutant embryos could reflect a failure of specifi- 
cation, their death, or their respecification into other cell 
types. To distinguish between these possibilities, we 
first tested whether there was increased cell death in 
the Otig1~ , ~Olig2~ / ~ spinal cord from E12 to E14, a pe- 
riod when oligodendrocyte precursors are specified in 
the ventricular zone. TUN EL labeling detected no in- 
crease in apoptotic cells in either the ventricular zone 
or elsewhere in the spinal cord during this interval (data 
not shown). Next, we used the knockin marker hGFP as 
a short-term lineage tracer to compare the fate of Otig2- 
expressing progenitors in the presence or absence of 
Olig1/2 function. 

In heterozygous embryos at E13.5, individual GFP + 
precursors could be seen migrating away from the focus 
of Olig2 expression in the ventricular zone (Figure 6A, 
arrow and white arrowheads). By E1 6.5, only a few GFP + 
cells remained at this focus (Figure 6B, arrow), and most 
had migrated into the gray matter. By E1 8.5, GFP + oligo- 

dendrocytepreeursors were evenly distributed through 

out the spinal cord, and ventricular expression was no 
longer detected (Figure 6C). The pattern of migration 
of GFP + cells in the heterozygous spinal cord closely 



resembles that revealed by antibody staining for endog- 
enous OLIG2 protein (Figures 1 1-1 K, arrows and data 
not shown). 

In homozygous mutant embryos, the distribution of 
GFP + cells was different in several respects. First, al- 
though many GFP + cells were present in the ventricular 
zone at E13.5 (Figure 6D, arrow), there was little migra- 
tion into the gray matter. Second, the ventricular focus 
of GFP expression appeared larger in homozygous than 
in heterozygous embryos (Figures 6A versus 6D, arrows). 
Cell counts indicated a similar number of GFP -ex press- 
ing cells in the null mutant versus heterozygous spinal 
cord at this stage (Figure 6G, E13.5), suggesting that 
0//g2-expressing cells may have been generated in cor- 
rect numbers in the homozygote but somehow failed to 
migrate on schedule. At E1 6.5 and E1 8.5, however, there 
was a reduction in the number of GFP + cells in the 
double mutant (Figure 6G, white bars). This difference 
likely reflects reduced proliferation rather than death, 
as TUN EL labeling revealed no differences between the 
double mutant and heterozygote at these stages (data 
not shown). 

By E16.5, although ventricular expression of GFP in 
homozygotes persisted (Figure 6E, arrow), GFP+ cells 
could be seen migrating into the gray matter (Figure 6E t 
arrowheads). However, these cells took a more ventral 
- trajectory than in heterozygotes.' At-E1 8.-5,-many GFP + — 
cells could be detected at the pial surface of the ventral 
white matter in homozygotes (Figure 6F, open arrow- 
heads), a location not occupied by GFP + cells in hetero- 
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Figure 6. Oligodendrocytes Are Transformed into Astrocytes in the Absence of Oligl and Olig2 

(A-G) Crosssections of heterozygous and homozygous thoracic spinal cord at indicated stages were labeled with an anti-GFP antibody. 
Arrows indicate ventricular expression of GFP. Persistence of GFP was apparent in both somatic (A, red arrowheads) and visceral (A, yellow 
arrowheads) motoneurons in the heterozygote3 at E1 3.5, a time when the migration of GFP + oligodendrocyte precursors just started (A, white 
arrowheads). Open arrows in (F) indicate GFP + cells located within pial surface. Quantitative analysts (G; mean ± S.D., eight sections from 
two embryos) revealed a difference in the number of GFP* cells in the null mutants versus heterozygotes at E16.5 and E18.5, but not E13.5. 
(H-K) Many GFP + nuclei are associated closely with S100p + or GFAP+ fibers in the ventral spinal cord of homozygotes (I and K) but not of 
heterozygotes (H and J) at E18.5. Arrows point to GFP + cells in the pial surface of the null mutant spinal cord. Inserts in (I) and (K) show 
double-labeled cells at higher magnification. 

(L-R) Staining of acutely dissociated spinal cord cells at E1 8.5 from either heterozygotes (L-N) or homozygotes (O-Q). Arrows point to GFP + 
cells. Arrowheads in (M) and (P) mark GFP~GFAP + cells. Quantitative analysis (R) was performed by counting all GFP + cells from six different 
preps derived from different animals. Each prep contained ~5000 celts. 



zygotes (Figure 6C). This observation suggested that pressed GFAPor S100$ (Figures 61 and 6K, arrowheads 

the GFP + cells might have been transformed into and insets). In contrast, no colocalization of GFP with 

astrocytes. To address this possibility, crosssections of either of these markers was observed in the heterozy- 

E1 8.5 heterozygous or-homozygous spinal cord- were gous spinal cord (Figures 6t+anoV 6J), . consistent- with - 

double labeled with antibodies to GFP and the astroglial previous reports that Otig2 is not expressed in cells of 

markers GFAP or S100£. This analysis revealed that the astroglial lineage in wild-type embryos (Lu et al., 

many GFP + cells in the null mutant spinal cord coex- 2000; Zhou et al., 2000). 
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The filamentous staining pattern of GFAP and S100p 
precluded an accurate quantification of the percentage 
of GFP + cells that were GFAP + or S1OO0+ in vivo. To cir- 
cumvent this problem, we performed double-labeling 
on acutely dissociated spinal cord cells from E18.5 het- 
erozygous and homozygous embryos. Over 50% of GFP + 
cells in homozygous spinal cord coexpressed GFAP 
(Figures 6P, arrow, and 6R, GFAP, white bar). In sharp 
contrast, none of the GFP + cells in the heterozygous 
spinal cord was found to be GFAP+ (Figures 6M f arrow 
versus arrowhead, and 6R, gray bars). Similarly, 44% to 
66% of GFP + cells were S100p + in the homozygote 
(Figures 60, arrow, and 6R, white bar), whereas less 
than 1 0% of GFP + cells in the heterozygote were S1 000 + 
(Figures 6L, arrow, and 6R, gray bar). Conversely, the 
oligodendrocyte cell-surface marker 04 decorated over 
55% of GFP + cells in the heterozygous spinal cord (Fig- 
ures 6N, arrow, and 6R, gray bar) but none in the homo- 
zygote (Figures 6Q, arrow, and 6R, white bar). The recip- 
rocal change in the percentage of GFP + cells expressing 
04 versus GFAP or S1 0<^ in heterozygous versus dou- 
ble homozygous embryos (Figure 6R) strongly suggests 
that in the absence of Olig1/2 function, the Olig2- 
expressing cell population produces astrocytes rather 
than oligodendrocytes. Consistent with this conclusion, in 
cultures of neural progenitors from Olig1/2 homozygous 
embryonic spinal cord, many Olig2-hG FP-expressing cells 
differentiated to astrocytes but none differentiated to 
oligodendrocytes, whereas in cultures from heterozy- 
gotes, many GFP + oligodendrocytes developed (see 
Supplemental Figure S1 at http-y/www.cell.com/cgi/ 
content/f ull/1 09/1 /61 /DC1 ). 

Discussion 

The bHLH transcription factors OLIG1 and OLIG2 are 
sequentially expressed in motoneuron progenitors (Ta- 
kebayashi et al. f 2000; Mizuguchi et al., 2001; Novitch 
et al., 2001) and oligodendrocyte precursors (Lu et al., 
2000; Zhou et al., 2000). Here we show that in the ab- 
sence of Oligl and 2 function, motoneurons are con- 
verted to V2 interneurons in the spinaJ cord, while oligo- 
dendrocytes fail to differentiate throughout the nervous 
system. Our results suggest that oligodendrocyte pre- 
cursors are not simply eliminated, but instead differenti- 
ate to astrocytes. These observations are consistent 
with the idea that in Oligl f 2 double mutants, Olig2- 
expressing progenitors sequentially generate inter- 
neurons and astrocytes rather than motoneurons and 
oligodendrocytes. In this way, Olig genes linkthe specifi- 
cation of a particular neuronal subtype to that of a spe- 
cific glial subtype, independent of the decision between 
neuronal versus glial fates. 

OHg2 Is Required for Both the Regional Identity 
and Differentiation of Motoneuron Precursors 
Misexpression studies in the chick have suggested that 
OLIG2 plays two roles in motoneuron fate determination: 
it specifies the regional identity of the pMN domain via 

repression of /rx3, and it promotes motoneuron progeni 

tor cell cycle exit and differentiation, in part via local 
derepression of Ngn2 (Mizuguchi et al., 2001; Novitch 
et ah, 2001). The loss-of-function data presented in this 



and the companion paper (Lu et al., 2002 [this issue of 
Cell]) strengthen this view. Combined deletion of Olig2 
and Oligl causes a derepression of Irx3 in pMN and a 
loss of Ngn2 expression in this domain. The selective 
loss of Ngn2 expression in pMN is consistent with the 
idea that this bHLH factor is controlled by distinct trans- 
acting factors in different progenitor domains (Scardigli 
et al., 2001). The motoneuron deficit in the Oligl /2 dou- 
ble knockout is similar to that seen in embryos lacking 
Nkx6.1/6.2 (Vallstedt et al., 2001), a homeodomain pat- 
terning molecule (Briscoe et al., 2000) that is required 
for Olig2 expression (Novitch et al., 2001). The fact that 
expression of NkxB.1 and 6.2 is unperturbed in Olig1/2 
knockouts is consistent with the idea that Olig genes 
function downstream of Nkx6.1/6.2 in motoneuron gen- 
eration (Novitch et al., 2001). 

Olig Genes Function Cell Autonomously 
in Oligodendrocyte Fate Specification 
The complete failure of oligodendrocyte formation in 
Oligl /2 double mutants suggests that all oligodendro- 
cytes require Olig genes. Consistent with this, oligoden- 
drocytes are not generated in neurosphere cultures de- 
rived from Olig1-'-2-'- spinal cord (see Supplemental 
Figure S1 at http://www.cell.com/cgi/corrtent/full/109/ 
1/61/DC1). The fact that Oiig1/2 are coexpressed in oli- 
godendrocyte precursors (this study; Lu et aJ., 2000; 
Zhou et al., 2000) suggests that this defect likely reflects 
a cell-autonomous requirement for these genes. An al- 
ternative explanation, however, is that this phenotype 
is a non-cell-autonomous consequence of the earlier 
loss of motoneurons, which have been hypothesized to 
send a feedback signal to the ventricular zone to regu- 
late the subsequent production of oligodendrocytes 
(Hardy, 1997; discussed in Richardson et aJ., 2000). 

We think this hypothesis is unlikely, however, because 
in Ngn1- , -;Ngn2~ , ~ double mutants, neuronal differenti- 
ation in the ventral spinal cord is largely eliminated (Scar- 
digli et al., 2001), but oligodendrocyte precursor forma- 
tion is unaffected (our unpublished observations). 
Similarly, in /s/7 _/_ mice which lack motoneurons (Pfaff 
et al., 1996), oligodendrocyte differentiation is also unaf- 
fected (Sun et al., 1998). Finally, oligodendrocytes de- 
velop normally in the hindbrain of Olig2 single mutants 
(Lu et al., 2002 [this issue of Ce//J), which lack somatic 
motoneurons. Our observation that in Oligl f 2 double 
mutants, hindbrain oligodendrocytes are completely 
lost further indicates that the sparing of hindbrain oligo- 
dendrocytes in Olig^*- embryos is not due to compen- 
sation of a somatic motoneuron-derived signal by vis- 
ceral motoneurons, which are spared in both Olig2' / ~ 
and Oligl-'- 2-'~ mutants. 

Role of Olig Genes in Motoneuron and 
Oligodendrocyte Fate Specification 
The inference that Olig genes function cell autono- 
mously in oligodendrocyte development leaves open 
the question of when that function is required. Our data 
indicate that both motoneurons and oligodendrocytes 

-are normally generated frorrrpMN (but not from p2) and 

support the idea (Richardson et al., 1997, 2000) that 
these neurons and glia share a common precursor. Con- 
sequently, the homeotic-like transformation of such pre- 
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Figure 7. Olig Genes Control the Subtype Identities of Both Neurons 
and Gtia Derived from a Common Progenitor Domain 

(A) Summary of neuronal and glial pheno types in Otigt~ , ~Olig2~'~ 
mutants. 

(B) Olig genes may act sequentially in motoneuron (MN) and oligo- 
dendrocyte (O) development. Abbreviation: A, astrocyte. 

(C) Two putative types of spinal cord progenitor cells. O" progenitors 
do not express Olig genes and generate certain types of neurons (Ni) 
and later astrocytes (A). Abbreviation: PN, proneural. 0 + progenitors 
first generate other types of neurons (Nj) and then oligodendrocytes 
(O, blue cell). 

(D) A simple combinatorial code composed of proneural and Olig 
genes can determine whether CNS progenitors produce neurons, 
oligodendrocytes, or astrocytes. Neuron, and Neuron 2 denote two 
different neuronal subtypes. 



cursors from a pMN to a p2 identity in Olig1/2 homozy- 
gous embryos could result in the elimination of both cell 
types (Figure 7A). In that case, the wild-type function 
of Olig genes in specifying both the motoneuron and 
oligodendrocyte fates might simply be repression of Inc3 
in pMN. Alternatively, the mutant phenotype could re- 
flect an independent and sequential requirement for Olig 
genes in both early patterning of the pMN domain and 
in oligodendrocyte fate determination (Rgure 7B). 
— Consistent with the idea of independent functions, 
the hind brain phenotype of OiigT'- single mutants dem- 
onstrates that Olig gene mutations can cause deficien- 
cies in somatic motoneuron generation without neces- 



sarily affecting oligodendrocyte development (Lu et a)., 
2002 phis issue of Ce/#D. Furthermore, while misexpres- 
sion of Olig2 in chick is sufficient to cause ectopic re- 
pression of Irx3 and motoneuron induction in some re- 
gions of the spinal cord (Novitch et a)., 2001), it does not 
induce ectopic oligodendrocyte differentiation (Zhou et 
al., 2001). Thus, while repression of Irx3 by Olig genes 
may be necessary for oligodendrocyte fate determina- 
tion, it may not be sufficient. Formal resolution of this 
issue will require selective rescue of the early pMN 
phase of Olig2 expression in Olig1/2 double knockouts 
to determine whether both motoneurons and oligoden- 
drocytes are recovered. 

OLIG1 and 2 Control an Oligodendrocyte 
versus Astrocyte Fate Choice 

Our lineage-tracing data suggest that many Olig2~hGFP- 
expressing precursors generate astrocytes instead of 
oligodendrocytes upon deletion of Oligl and Olig2. If 
so, it would imply that spinal cord oligodendrocyte pre- 
cursors have the potential to generate astrocytes, but 
that this fate is normally repressed by Olig genes (Rgure 
7B, right). Astrocytes are thought to arise from multiple 
levels along the do rso- ventral axis of the spinal cord 
(Pringle et al., 1 998). Thus, it is a reasonable assumption 
that the p2 domain normally generates astrocytes after 
it generates V2 interneurons (Figure 7A, left). If so, then 
the trans-fating of 0//o2-expressing progenitors to 
astrocytes in Oligl /2 double mutants could reflect a 
conversion of progenitors that sequentially generate 
motoneurons and oligodendrocytes to ones that pro- 
duce first V2 interneurons and then astrocytes (Rgure 
7A, right, p2'). 

If deletion of Olig genes causes oligodendrocyte pre- 
cursors to generate astrocytes, do such precursors nor- 
mally generate astrocytes following downregulation of 
Olig gene expression in the ventricular zone? We found 
no evidence for persistence of the OLIG2-hGFP lineage 
marker into astrocytes in Oligl 12 heterozygotes. Simi- 
larly, using a permanent lineage tracer, Lu et al. (2002 
[this issue of Ce//J) found no astrocytes among the prog- 
eny of O/Zfift -expressing cells. These data suggest that 
0//<jr-expressing progenitors normally produce moto- 
neurons and oligodendrocytes but not astrocytes in vivo 
(Rgure 7C, Q + ). This idea may seem inconsistent with 
the demonstration that single CNS progenitors can gen- 
erate neurons, astrocytes, and oligodendrocytes in cul- 
ture (reviewed in Gage, 2000; Anderson, 2001 ). However, 
despite extensive retroviral lineage tracing studies, 
there is no clear evidence for tripotential neuron/ 
astrocyte/oligodendrocyte progenitors in vivo (Luskin et 
al., 1988; Leber et al., 1990). The tripotential CNS stem 
cells characterized in vitro may thus represent a more 
primitive progenitor than has been identified in vivo. 
Alternatively, the cell culture environment may reveal a 
combination of developmental potentials that are not 
actually used by any single progenitor in vivo. 

The Genetic Logic of Neural Cell 

Fate Determination 

bHLH proneural genes such as the Ngns control a neu- 
ron versus glial fate switch (Tomita et al., 2000; Nieto et 
al., 2001; Sun et al., 2001b; reviewed in Vetter, 2001). In 
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the case of motoneurons and oligodendrocytes, Ngn1/2 
is likely to be the prone ural gene that controls this switch 
(this study; Mizuguchi et af., 2001 ; Novitch et a!., 2001 ; 
Zhou et aJ., 2001). These data, taken together with our 
previous results (Zhou et al., 2001), suggest that once 
expression of Ngns has been extinguished in pMN, Olig 
genes determine whether the remaining progenitors will 
produce oligodendrocytes or astrocytes (Figure 7B). 

These results suggest a simple combinatorial code 
whereby different combinations of the Olig and pro- 
neural genes can specify either neuronal, oligodendrog- 
lial, or astroglial fates (Figure 7D). According to this 
genetic logic, the astroglial fate would represent a final 
"ground state/' in which neither proneural nor Olig genes 
are expressed. This fate may, however, require active 
repression by Hes genes, which repress proneural gene 
expression (Ishibashi et al., 1995; Furukawa et aJ., 2000; 
Hojo et al., 2000; Satow et al., 2001 ; reviewed in Fisher 
and Caudy, 1998). 

Combinatorial codes of Lim HD and Ets domain tran- 
scription factors have been shown to control different 
aspects of motoneuron subtype identity (Tsuchida et 
al., 1994; Lin et aJ., 1998; Sharma et al., 1998; Kania et 
al., 2000). By contrast, bHLH factors have until now been 
viewed as primarily acting in linear cascades to produce 
a single cell type, such as muscle or neuron (Weintraub, 
1993; Lee, 1997). The results presented here suggest 
that in the nervous system, bHLH factors can also func- 
tion in a combinatorial code that determines the three 
fundamental cell types of the CNS. This code may pro- 
vide a foundation upon which higher-order aspects of 
neuronal and glial subtype identity can be built by super- 
imposing combinatorial codes composed of other fami- 
lies of transcription factors. The linking of these multiple 
coding systems may then be achieved by crossregula- 
tory, and perhaps physical, interactions between the 
molecules that comprise them. 

Experimental Procedures 

Generation of Oligl and Olkj2 Double-Mutant Mice 
All mouse genomic clones were derived from a 129SVJ genomic 
library (Stratagene). Both the mouse Oligl and OHg2 sequences are 
encoded by a single exon. The Otig2 targeting vector was con- 
structed by inserting a Histone-GFP fusion/toxp/PGKneo cassette 
between a 2 kb 5' arm and a 3.8 kb 3' arm. For the Oligl targeting 
vector, a tau LacZ/foxp/PGKhyg cassette was cloned between the 
1 .9 kb 5' ami and the 3.2 kb 3' arm. 

, Two rounds of electroporation and selection were conducted, first 
with the Olig2 targeting vector, and then with the Oligl targeting 
vector. Correctly recombined clones at both the Olig2 and Oligl 
loci were subjected to Cre/Loxp analysts to determine whether the 
two recombined alleles reside on the same chromosome (protocol 
available upon request). The frequency of recombination for both 
the OUg2 and Oligl loci was ~1 :300. Clones in which the two mutant 
alleles are located in cis were injected into C57BL/6J blastocysts to 
generate germ line chimeric founders. Mutant mice were genotyped 
with PCR primers specific to Oligl, Otig2, GFP, lacZ, Neomycin, and 
Hygromycin genes. No segregation of the two mutant alleles has 
been observed in all embryos genotyped so far. All embryos ana- 
lyzed in this study were derived from heterozygous 1 29sv x 
C57BL/6J intercrosses. 

In Situ Hybridization 

Nonradioactive in situ hybridization was performed as previously 
described (Zhou et al., 2000). The following mouse gene probes 
were U3ed: Oligl, 0lig2 t Olig3, Sox10 (a gift of Dr. Kirsten Kuhlbrodt), 



PDGFR, MBP, PLP/DM20, Ngn1, and Ngn3. Probes for Nkx€.1, 
NkxS.2, and Dbx2 were the kind gift of Dr. Thomas JesselL 

Immunohistochemistry 

Mouse embryos were fixed by immersion in 4% paraformaldehyde 
from 1 hr to overnight at 4°C depending on the age. The following 
primary antibodies were used: rabbit an ti -Olig 2 (1:2000, gift of Dr. 
Take bay ash i Hirohide), rabbit anti-Nkx2.2 (1:1 000, gift of Dr. Thomas 
Jessell), mAb anti-Neurogenin2 (1:100, Liching Lo), rabbit anti- 
Chx10 (1:4000. gift of Dr. Thomas Jessell), guinea pig anti-lrx3 
(1:1000, gift of Dr. Thomas Jessell), rabbit anti-Hb9 (1:2000, gift of 
Dr. Samuel Pfaff), rabbit anti-GFP and Alexa-488 conjugated rabbit 
anti-GFP (1:1 000, Molecular Probes), rabbit anti p-gal (1 :1 000, 5' -3% 
rabbit anti-GFAP (1:1000, DAKO), mAb anti-S100 3 (1:1000, Sigma), 
and rabbit anti-Phox2b (1:700, gift of Dr. Jean-Francois Brunet). 
mAbs against Lim3, MNR2/Hb9, Engrailed-1, lsl1/2, Hb9, Lim3, 
Nkx2.2, and Pax6 were obtained from Developmental Studies Hy- 
brid oma Bank (DSHB). Whole-mount antibody staining of mouse 
embryos was performed as described previously (Ma et al., 1996). 

BrdU Labeling and TUN EL Assay 

BrdU labeling of mouse embryos was conducted by intraperitoneal 
injection of BrdU (Sigma, 65 mg/g body weight) 2 hr before sacrifice. 
A rat anti -BrdU antibody (Accurate) was used to detect BrdU. TUNEL 
assays were performed with a kit from Roche according to the 
manufacturer's instructions. 
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Summary 

Studies have Indicated that oligodendrocytes In the 
spinal cord originate from a ventral progenitor do- 
main defined by expression of the ollgodendrocyte- 
determining bHLH proteins Oligl andOlig2. Here, we 
provide evidence that progenitors In the dorsal spinal 
cord and hindbrain also produce oligodendrocytes 
and that the specification of these cells may result 
from a dorsal evasion of BMP signaling over time. 
Moreover, we show that the generation of ventral oli- 
godendrocytes in the spinal cord depends on Nkx6.1 
and Nkx&2 function, whHe these homeodomain pro- 
teins in the anterior hindbrain instead suppress oligo- 
dendrocyte specification. The opposing roles for Nkx6 
proteins in the spinal cord and hindbrain, in turn, ap- 
pear to reflect that oligodendrocytes are produced 
by distinct ventral progenitor domains at these axial 
levels. Based on these findings, we propose that oligo- 
dendrocytes derive from several o^sttnct positional ori- 
gins and that the activation of Oiig1/2 at different posi- 
tions is controlled by distinct genetic programs. 

Introduction 

Neurons, oDgodendrocytes, and astrocytes represent 
the three fundamental cell types of the vertebrate central 
nervous system (CNS), and the generation of these cell 
types at precise positions and specific time points dur- 
ing development is critical for the establishment of brain 
function. Insight has been obtained Into the molecular 
mechanisms that control the generation of specific neu- 
ronal subtypes In space and time (Jessell, 2000; Lums- 
den and Krumlauf, 19%; Pattyn et aJ. f 2003b). Oligoden- 
drocytes and astrocytes are generated subsequent to 
neurogenesis {Rowitch, 2004), and less is known about 
the positional determination of these glial cell types dur- 
ing CNS development. 

Oligodendrocytes are the myelinating cells of the CNS 
that insulate axons, while astrocytes provide structural 
support, regulate water balance, and maintain the 
blood-brain barrier (Rowitch, 2004). Glial cells originate 
from neural progenitors in the ventricular zone (VZ), and 
once specified they leave the VZ and migrate as profifer- 

. ative precursors to occupy ail regions of the CNS. Stud- 
ies In the spinal cord suggest that oligodendrocytes are 
produced by a small group of ventral progenitors close 

-to th e floor plat e, whil e a strocyt es a ppe a r t o b e gener 
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ated from more dorsalry located progenitors (Hall et al. t 
1996; Lu et al. v 2002; Pringle and Richardson, 1 993; Zhou 
and Anderson, 2002). Functional analysis of the oligo- 
derKSrocyte-determtnlng basic-heroc-loop-helbc (bHLH) 
proteins Ofigt and 01ig2 (collectively termed Olig1/2) 
support the idea that oligodendrocytes and astrocytes 
are generated from distinct progenitor domains and sug- 
gest further that oligodendrocytes and astrocytes are 
positional ry specified (Lu et al„ 2002; Zhou and Ander- 
son, 2002; Zhou et aL, 2001) according to strategies 
similar to those determining neuronal subtypes (Jes- 
sell, 2000). 

In the spinal cord, different neurons emerge at specific 
dorsoventral (DV) positions In response to local Sonic 
hedgehog (Shh) signaling by ventral midline cells (Jes- 
sell, 2000) and bone morphogenetic proteins (BMPs) 
secreted from the dorsal midline of the neural tube (Lee 
et al., 2000; Uem et al., 1997). In ventral positions, 
graded Shh signaling controls patterning by regulating 
the regional expression of a set of homeodomain (HD)- 
containing transcriptional repressors (Briscoe et al., 
2000; Muhr et al., 2001), thereby establishing a combina- 
torial code of HD protein expression, which defines five 
progenitor domains. Each domain, in turn, produces a 
distinct neuronal subtype (Jessell, 2000). Ofig1/2 is in- 
duced by Shh, and its expression is confined to an indi- 
vidual ventral progenitor domain (termed pMN domain) 
that sequentially produces spinal motor neurons (sMNs) 
and oligodendrocytes (Rowitch, 2004). In OIig1/2 mutant 
mice, pMN progenitors acquire an identity typical of 
more dorsal progenitors, and the loss of sMNs and oligo- 
dendrocytes in these mice is accompanied by a con- 
comitant gain of V2 neurons and astrocytes (Lu et aL, 
2002; Zhou and Anderson, 2002). Apart from revealing 
an absolute requirement for Oflgl 12 for oligodendrocyte 
generation, these data show that OIigl/2 also suppress 
astroglial fate in pMN progenitors (Zhou and Anderson, 
200^, Indicating that oilgodendrogfial and astroglial lin- 
eages are spatially separated in vivo at early develop- 
mental stages (reviewed In Rowitch, 2004). 

While the data above demonstrate a restricted ventral 
origin of oligodendrocytes from pMN progenitors, it re- 
mains unclear if also other progenitors produce oligo- 
dendrocytes in vivo. In a series of quail-to-chick grafting 
experiments, Cameron-Curry and LeOouarin provided 
data suggesting that dorsal progenitors can produce 
oligodendrocytes (Cameron-Curry and Le Douarin, 
1995). Similar experiments by Pringle and coworkers, 
however, instead argued that dorsal progenitors only 
generate astrocytes (Pringle et aL, 1 998). In vitro assays 
have further suggested the existence of a gliaf-restricted 
progenitor cell that can be derived from both dorsal 
and ventral parts of the spinal cord and give rise to 
oligodendrocytes and astrocytes in culture (Rao et al„ 
1998). Also, tripotent self-renewing stem cells that gen- 
erate neurons, oligodendrocytes, and astrocytes in vitro 
~can be isolated from most paffsoT the developing and 
adult CNS (Gage, 2000; Of an et al., 2000; Seaberg and 
van der Kooy, 2003), implicating that oligodendrocytes 
and astrocytes are derived from common precursors 
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broadly distributed in the CNS. However, a recent study 
has questioned the presence of such tripotent stem cells 
in vivo, since the exposure of cells to fibroblast growth 
factor 2 (FGF2), the primary mitogen used to propagate 
stem cells, can result in a deregulated posrtionaJ identity 
of neural progenitors in vitro (Gabay et ai. v 2003). The 
potency of progenitors isolated from a given position of 
the CNS may therefore reflect a quality acquired from 
exposure to FGF2 in vitro, rather than revealing their 
endogenous capacity in vivo. Thus, while it is well estab- 
lished that oligodendrocytes are produced by ventral 
, progenitors, it Is uncertain if also other regions of the 
developing CNS give rise to these cell types in vivo. 

We have explored the positional specification of oligo- 
dendrocytes in the spinal cord and hlndbrain and pro- 
vide In vivo and in vitro evidence that, in addition to the 
ventral pMN domain, oligodendrocytes are generated 
from dorsal progenitors at both these axial levels. High 
concentrations of BMPs block the specification of dor- 
sal Ollg2^ cells in vitro, and their generation is promoted 
when BMP signaling Is inhibited, Indicating that a pro- 
gressive decrease of dorsal BMP signaling over time 
influences the temporal appearance of oligodendro- 
cytes in the dorsal neural tube. In addition, we show 
that pMN domain-derived oligodendrocytes essentially 
are missing in the spinal cord of mice lacking the ven- 
trally expressed HD proteins Nkx6.1 and Nkx6.2 (collec- 
tively termed Nkx6 proteins). We find that these HD 
proteins instead suppress oligodendrocyte production 
in the anterior hlndbrain. These unanticipated opposite 
roies for Nkx6 proteins in the spinal cord and hindbrain, 
in turn, reflect that oligodendrocytes are produced by 
distinct ventral progenitor domains at these axial levels. 
Taken together, our data suggest that oligodendrocytes 
are generated from several distinct DV progenitor do- 
mains and that the activation of Olig1/2 at different posi- 
tions Is controlled by cfistinct genetic programs. 

Results 

A Dorsal Origin of Oligodendrocyte Generation 
in the Hlndbrain 

Similar to the spinal cord, oligodendrocytes In the hlnd- 
brain are generated from ventral progenitors, and their 
production depends on Shh signaling (Alberta et al., 
2001) and Ollg1/2 function (Lu et al., 2002; Zhou and 
Anderson, 2002). However, Ofig1/2 expression in the 
hlndbrain is also detected in the VZ at more dorsal posi- 
tions (Figures 1 A and 1 B) (Liu et al., 2002}, and the fate 
of these cells has not been determined. At E13.5, one 
dorsal OUg1/2 expression domain spans along the axial 
extent of the hindbrain, with the exception of rhom bo- 
rn ere 1 (Figure 1 A). To begin to examine this population 
of OJig1/2 + cells, we mapped their DV position in relation 
to the expression of HD proteins that define different 
DV progenitor domains. While ventral Offgl* cells at 
£13.5 were detected within the pMNv domain that ex- 
presses the HD protein NkxZ2 (see below), the dorsal 
Oligl + cells were located Immediately dorsal to the ex- 
— p re ssio n do m a in o1Dbx2 (Pierani at aL, 4399) , but within 
the domain o1Pax3 t Pax 7, and Gshf expression (Figures 
1 B-1 F; data not shown). Pax3, Pax7 f and Gsh1 are defin- 
itive markers of dorsal progenitor ceils at this axial level 



(Goulding et al., 1991; Jostes et al. f 1990; Sander et al., 
2000; Valerius et al., 1 995), suggesting that this popula- 
tion of Oligl/2* cells is located within the alar plate. The 
OtP marker Sox 10 (Kuhlbrodt et al., 1998) was ex- 
pressed in a fashion similar to Oligl in the dorsal hind- 
brain (Figure 1G). As determined by fmmunohistochem- 
istry, several dorsal 0lig2 + cells in the VZ coexpressed 
Gshl (Figure 1H) while more laterally positioned, and 
presumably more mature, cells coexpressed the OLP 
markers PDGFRa (Hail et al., 1996) and NG2 (Figures 1 J 
and 1 K) (Nlshlyama et al., 1 996) but not the panneuronal 
marker NeuN (Figure 11) (Mullen et al., 1992). Together, 
these data strongly suggest that at least a subset of 
Oligl /2 + cells in the hindbrain originates from dorsal 
progenitors and are consistent with the idea that these 
cells differentiate into oligodendrocytes. 

To more extensively investigate if dorsal progenitors 
in the hindbrain generate oligodendrocytes, we exam- 
ined the capacity of hindbrain explants to generate OLPs 
in vitro. In this assay, explants corresponding to the 
ventral and dorsal Ollg1/2 + domains (Figure IX) were 
isolated at E10.5, approximately 2-3 days before 
Olig1/2 + OLPs can be detected in vivo (Miller, 2002). 
Explants isolated from tissue Intervening the ventral and 
dorsal Olig1/2* domains (intermediate explants; Figure 
1X) were included as controls, since this OJigl/2" do- 
main is predicted not to produce oligodendrocytes 
In vivo or in vitro. Explants were cultured in defined 
media containing platelet-derived growth factor (PDGF- 
AA) for various time points, and OLP generation was 
scored by monitoring expression of the OLP markers 
Ollg2, PDGFRa, NG2, and the 04 antigen (Sommer and 
Schachner, 1981). Importantly, we did not add fibroblast 
growth factors (FGFs) to the culture media, since FGF2 
has been shown to ventraflze cultured dorsal neural pro- 
genitor cells, resulting in an arbitrary in vrtro-trlggered 
induction of Olig2 expression and oligodendrocyte dif- 
ferentiation (Chandran et al., 2003; Gabay et aJ., 2003). 

In ventral and dorsal explants cultured for 6 days, an 
extensive number of OUg2+ cells were detected, and 
the majority of ceils coexpressed PDGFRa and NG2 
(Figures 1L, IN, 10, and 1Q). After 6-10 days In vitro, 
ventral explants showed significant expression of the 
more mature oligodendrocyte lineage marker 04 (Figure 
1*1). CHIg2 + /04 + cells were detected also in dorsal ex- 
plants, albeit the number of double-positive cells was 
lower as compared to ventral explants (Figure 1R). Im- 
portantly, In Intermediate explants cultured under identi- 
cal conditions, expression of Olig2. PDGFRa, or 04 was 
not detected at any time point analyzed (3-10 days of 
culture; Figures 1M, 1P, and 1S and data not shown). 
Thus, progenitors isolated from a DV domain that lacks 
expression of Ofigl/2 In vfvo do not generate OLPs under 
these in vitro culturing conditions. Given that dorsal but 
not the more ventral intermediate explants generate 
OLPs, it is unlikely that the OLPs observed in dorsal 
explants represent ventrafly derived OLPs that at the 
time of tissue isolation had migrated into dorsal posi- 
tions. Moreover, the absence of OLPs in Intermediate 
explants makes it unlikely that the generation of OLPs In 
- dorsal explants result from a d e reg ulated , orventrutlzsd^ 
potential of dorsal progenitors due to the culturing con- 
ditions. In additional support for this, we could detect 
expression of Pax7 (Figure 1 U) but not the ventral mark- 
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f=igure 1 . Dorsal Ofig1/2* Progenitors In Hlndbrain Grve Rise to Oligodendrocytes 

(A) Dorsal flat-mount view showing expression of Otigt in the ventral (arrow) and dorsal (arrowhead) hindbrafn (HB). 

(B-Q) Transverse sections of rhombornere (R) 4 of the HB at E1 3.5 showing expression of Offgl (B), Nkx2.2 (C), Pax3 (D), Obx2 (E), and Gsftf 

(F). Dorsal 0#g7 + cells (ventral boundary indicated by arrowhead) are located wflhin the domain of Oshf and Pwc3. Ventral Oligl* cells are 

detected wttMn the f&x23 + domain (dorsal boundary indicated by arrow). SoxlO (G) Is at El 2.5 expressed in a fashion simitar to Offgl (B). 

(H-K) A subset of dorsal Otfg2* cefis expresses Gsh1/2 (H), PDGFRa (arrows In [JD. and NG2 (arrows in [KD but not NeuN (I). 

(t-W) Ventral ffv]) and dorsal QdD but not Intermediate tPB HB explants isolated at El 0.5 generate c^xiertdrocytes In vitro. After 6 days In 

culture, Ollg2 + /PDGFRa* cells are present tn dorsal (inset in [LD and ventral (inset in (NJ) explants. After 8 days, Olig2 + cells tn ventral and 

dorsal explanta express KG2 (O and Q) and 04 (R and 7). No ceOs in Intermediate explants expressed OQg2, PDGFRa, NG2, or 04 (M, P, and 

S). HB explants retain then- dorsoventral identity, shown at 3 days h culture. Dorsal explants express Pax7 (U) t while ventral express Nkx2£ (W). 

PQ Illustration of Isolated dorsal, Intermediate, and ventral explanta 

(Y and Z) FGF2 Induces OIig2 and PDGFRa expression In Intermediate explants, shown after 8 days in culture. 



ers NkxZ2 or Shh (Figures 1 U and 1 W; data not shown) 
In dorsal explants cultured for 2-6 days. 

It f s possible that the absence of OLPs in intermediate 
explants could reflect that intermediate progenitors, in 
contrast to their more ventral or dorsal counterparts, 
have lost competence to generate oligodendrocytes at 
the time of tissue Isolation. To examine this, we cultured 
intermediate explants In media enriched with FGF2. In 
contrast to explants cultured in PDGF-AA-enriched 
rn^cHsr-wrttiou^"rH3F2""(Fr0ufe — 1 Y), numerous ©Hg2 + /~ 
PDGFRa + -expressing cells were detected in intermedi- 
ate explants cultured in the presence of FGF2 (Figure 
12). These data show that Intermediate progenitors have 



the potential to produce OLPs and support the notion 
that addition of FGF2 to neural progenitor, or stem cell, 
cultures tn vitro induces oligodendrocyte differentiation 
in cells not fated to generate these cells in vivo. Taken 
together, these data lend strong support to the idea 
that oligodendrocytes are derived from both ventral and 
dorsal Olig1/2 + progenitor domains in the hindbrain. 

Dorsal Progenitors in the Spinal Cord Generate 
— Ottg^-Exprefl^g Cells and^Grve Rise 
to Oligodendrocytes in Culture 
The generation of oligodendrocytes has been most ex- 
tensively studied in the spinal cord (Rowltch, 2004). A 
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Figure 2. Dorsal Spinal Cord Progenitors Express OI)g2 and Generate Oligodendrocytes In Vitro 

(A-E) Transverse sections of thoracic spinal cord fSQ at El 3.5 and El 5.5 showing expression of OBg2 relative to Pax7 (A-C) and Qsh1/2 (D 
arid E). Several dorsal ty positioned OBg2 + cells coexpreas Pax7 (Q and Gsh1/2 (E) at El 5.5. 

(F) Summary iliustrating that OSg2* cells can be detected both to the ventral and dorsal ventricular zone (VZ). 

(G) Illustration of the division of SC fnto dorsal and ventral explants. 

(H-S) Whole-mount staining of dorsal and ventral explants Isolated at E1Z5. Cells in dorsal and ventral explants express CHIg2 (H and I) and 
retain their dorsoventral identity after 2 days of culture; dorsal explants express Pax7 (J), and ventral explants express Nkx2.2 (M), Inset In 
(J) shows OBg2 + cells that express Pax7. Otfg2~ cells In dorsal and ventral explants express PDGFRa after 6 days (N and O), 04 after 8 days 
(P and Oh and MBP after 10 days In vitro (R and S). 



major source of oligodendrocyte production at this level 
Is the ventral pMN domain that expresses Oligl and 
Olig2 (Han et a!., 1996; Lu et aA, 2002; Pringle and Rich- 
ardson, 1993; Zhou and Anderson* 2002). It remains 
uncertain if also other progenitor domains in the spinal 
cord generate oligodendrocytes in vivo (Cameron-Curry 
and La Douarin, 1995; Miner, 2002; Pringle et al., 1998; 
Richardson et al., 2000; Spassky et al., 2000). Our data 
suggesting a dual origin of oligodendrocytes in the hind- 
brain prompted us to examine the positional generation 
of oligodendrocytes in the spinal cord. In agreement 
with previous studies, the expression of OUg2 within the 
VZ was selectively confined to the ventral pMN domain 
at the peak of OLP specification at E13.5 (Figure 2A). At 
E1 5.5, migrating 0lig2 + OLPs were detected throughout 
the spinal cord (Figures 2B and 2D; data not shown). 
Interestingly, many Oilg2 + cells located within or In close 
proximity to the dorsal VZ coexpressed the dorsal pro- 
genitor markers Pax7 and Gsh1/2 at E15.5 (Figures 2C 
and 2E). Dorsal Otig2* cells located at a distance from 
the VZ did not express these markers (Figures 2B 
and 2D). 

The presence of Olig2 + /Pax7 + /Gsh1/2 + In the dorsal 
spinal cord raised the possibility that dorsal progenitors 
generate Olig2+ oligodendrocytes at this level. Alterna- 
tively, a subset of migrating Olig2+ cells generated from 

th e pM N domain could Invade ttie dOfsafVZ an d i niti at e 

expression of Pax7 and Qsh1/2 at E1 5. To distinguish 
between these possibilities, we compared the ability 
of isolated ventral and dorsal spinal cord explants to 



generate ol igodendrocytes in vitro. In these experi- 
ments, ventral and dorsal explants were isolated at 
E10.5 or at El 2 and thus prior to any dorsal migration 
of pMN-derived OLPs (Sussman et al., 2000). Explants 
were cultured in media containing PDGF-AA but not 
FGF2 for various time points. In these conditions, OLP 
differentiation was observed in both ventral and dorsal 
explants after 4-8 days of culture, as determined by 
Oiig2+ cells that coexpressed PDGFRa, NG2, and the 
04 antigen (Figures 2N-2Q; data not shown). After 8-1 0 
days, Otig2-expresslng ceils in ventral and dorsal ex- 
plants had Initiated expression of myelin basic protein 
(MBP), a marker of mature oligodendrocytes (Figures 
2R and 2S) (Lemke, 1988). Similar results were obtained 
from ventral and dorsal spinal cord explants isolated 
from E10.5 and E12.5 embryos (data not shown). 

We next examined the DV identity of cells in spinal 
cord dorsal and ventral explants. In dorsal explants iso- 
lated at E12, 0iig2 + celfs could first be detected after 
2-3 days of culture, a time point that corresponds well 
with the appearance of Olig2 + /Pax7VGsh1/2 + cells at 
around E15 in vivo (Figures 2J, 2L, and 2B-2E; data not 
shown). At these stages, Pax7 expression was observed 
while no expression of ventral markers Nkx2.2, Nkx6.1 , 
or Shh could be detected (Figures 2J and 2L; data not 
shown). Importantly, several Olig2 + cells in dorsal ex- 
plants coexpressed Pax7 (Figure 2J)r Similar results 
were obtained when dorsal explants were isolated at 
E10.5 (data not shown). In ventral explants, expression 
of Nkx2.2, Nkx6.1 , and Shh but not Pax7 could be do- 
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Figure 3. A Loss of Verrtralfy Derived Oligo- 
dendrocytes In the Spinal Cord of NkxB Mu- 
tant Mice 

CA-U Transverse thoracic SC sections of 
wild-type (wt) and Nkx6 mutant mice at E1 1 .5 
and El 3.5. Expression of Nkx6.i and the MN 
marker Hb9 In wt (A) and Nkx6 mutants (B) at 
EH -5- Box n (A) and (B) marks part of SC 
shown in <CHU. The expression of CHig2 in 
the pMN domain is lost (C and D). At E13.5, 
expression of the OLP markers Ofig2 (E and 
F), OHg1 (Q and H), SoxfO (I and J), and 
PDGFRa (K and L) are missing in the ventral 
spinal cord of Mu8 mutant mice. Dotted lines 
in (CHM indicate pMN domain boundaries. 



tec ted (Figures 2K and 2M; data not shown). These data 
show that dorsal Pax7 + progenitors generate Ollg2- 
expressing cells and that OIig2 + cells differentiate along 
the OLP lineage In vitro and argue against the possibility 
that Olig2 + /Pax7VGsh1/2 + detected in vivo would rep- 
resent dorsalry migrating cells that originate from the 
pMN domain. The retained DV identity of cells in dorsal 
explants also seems to exclude the possibility that OLPs 
in dorsal explants are generated In response to an 
in vitro-induced, albert FGF-independent, ventralizatton 
of progenitor cell identity. 

A Loss of Verttrafry Derived Oligodendrocytes 
In the Spinal Cord of NkxB Mutant Mice 
To further examine the possibility of a dual ventral and 
dorsal origin of oligodendrocytes in the spinal cord, we 
analyzed mice lacking the related HD proteins Nkx6.1 
and Nkx&2. Nkx6 proteins are expressed in the ventral 
neural tube, including the pMN domain, and their func- 
tion is necessary for the ventral expression of Olig2 and 
the generation of MNs in the spinal cord (Figures 3A 
and 3B) (Novtteh et al., 2001 ; Vallstedt et a)., 2001)- The 
generation of oligodendrocytes in the spinal cord has 
not been examined in NkxB mutants, but the ventral 
extinction of OHg2 expression raised the possibility that 
pMN domain-derived oligodendrocytes may be af- 
fected. In agreement with this, we could not detect any 
expression of Oligl or Olig2 in the ventral spinal cord 
between El 1.5 and E13.5 (Figures 3D, 3F, and 3H), the 
time at which ventral oligodendrocytes are being speci- 
fied (Hall et al., 1996). Also, while Sox 10 and PGDFRa 
could be detected in the pMN domain and/or in migrat- 
ing OLPs in controls at E13.5, the expression of these 
OLP markers was missing in NkxB mutants (Figures 31- 
3L). These data show that Nkx6 proteins are required 
not only for the generation of spinal MNs, but also for 
the subsequent specification of oligodendrocytes from 
the pMN domain. 

Oligodendrocytes Are Generated 
from Progenitors with a Dorsal Identity 
In the Spinal Cord of NkxB Mutants 
Oligl/2 Is required for the generation of all ofigodendro- 
cytes-re^afdl6SS-of'"tfKtr - developrnental origin In the - 
CNS (Lu et al., 2002; Zhou and Anderson, 2002). Our 
data indicate that NkxB proteins are necessary for the 
generation of pMN domain-derived oligodendrocytes in 



the spinal cord. However, since Nkx6.1 and Nkx6.2 are 
expressed only in ventral progenitors, they are not pre- 
dicted to afreet the generation of putative dorsalry de- 
rived oligodendrocytes. We therefore examined the gen- 
eration of oligodendrocytes in NkxB mutants at E1 5.5, a 
stage when Ofig2 + cells that coexpress Pax7 and Gsh1/2 
can be detected in the dorsal spinal cord in wild-type 
embryos (Figures 2C and 2E). In controls at this stage, 
OLPs were evenly distributed in the spinal cord gray 
matter, as determined by Oligl expression (Figure 4C). 
Strikingly, numerous OZ/gf-expressing cells were ob- 
served also in NkxB mutants, but in contrast to controls, 
essentially all Oligl* cells were located in the dorsal 
half of the spinal cord (Figure 4D). The number and 
distribution of Olig2 + cells co expressing Pax7 and/or 
6sh1/2 in lateral positions of the dorsal VZ was similar 
in mutants and controls at El 5 (Figures 4E-4J and 4W). 
These data provide strong genetic evidence that 
OSg1/2 + cells are generated from the dorsal VZ in vivo. 
A few Oligl/2+ceIls could occasionally be detected in 
ventral positions at E15 (Figure 4F). Therefore, we can- 
not exclude the possibility that a subset of Olig1/2 + ceils 
in NkxB mutants are generated also from ventral progen- 
itors. 

In control embryos at El 5, a subset of Olig2 + cells in 
the dorsal spinal cord expressed PDGFRa, while only 
rare Olig2 + /PDGFRa + cells could be detected in NkxB 
mutants at this stage (Figures 4K and 4L). We noticed 
that a population of Olig2 + cells that lacked the expres- 
sion of PDGFRa and NG2 was present at E15.5 in wild- 
type mice, and this population corresponded in number 
to the Olig2+/PDGFRa-/NG2- cells observed in mutant 
mice (Figure 4X; data not shown). At El 8.5, Olig2 + cells 
were evenly distributed in NkxB mutants (Figure 4N), and 
the majority of these cells had at this stage initiated 
expression of PDGFRa and NG2 (Figures 4P, 4R, and 
4X). Consistent with the generation of oligodendrocytes 
from dorsal progenitors in vitro, these data provide ge- 
netic evidence that Olig1/2 + cells with a dorsal origin 
acquire molecular characteristics of OLPs also in vivo. 
Additionally, the uniform distribution of Oligl/2 ceils in 
NkxB mutants at £18.5 indicates that dorsalry derived 
OLPs migrate Into the ventral neural tube, at least in 
conditions when the generatio n of pM N domain-d erived 
oligodendrocytes is compromised: We could not exam- 
Ine If OLPs in NkxB mutants acquire a terminal oligoden- 
drocyte phenotype in vivo, since NkxB mutant embryos 
die at birth, the time when OLPs begin to terminally 
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Figure 4. Dorsal ORg1/2+ Cdta Generate Oligodendrocytes in the Spinal Cord of Nkx6 Mutant Mice 

(A-L) Transverse thoracic SC sections of wt and Nkx8 mutant embryos at E1&5 to EISA Ventral O0g2* cells are detected ki controls (A) but 
not NkxS mutants 03) at El 3.5. At El 5.5, Qfljgf expression Is detected throughout the SC of controls (C). In AftxS mutants, OQgl expression 
at El 5 J is detected predomkiarrtry In the dorsal SC (D). Dorsal OiW cells in controls and Nkx6 mutants at El 5.5 coexpress Pax7 (E-H) and 
Gsh1/2 (I and J). At E16-6, a small number of Olig^ cells (one to two ceBs per section) was also detected within, or in close proxknfty to, the 
ventral VZ in Affcx6 mutants (F). Dotted ffne In (AHF) indicates the ventral boundary of Pax7 expression. ODg2+ cells k\ Nkx6 mutants do not 
express PDQFRa at El 5.5 (L), while both OBgfc'/PDGFRa- cells (arrow in [KD and OHg2*/PDGFRa' cells (arrowhead in [KD are found in 
controls at this stage. 

(M-T) Transverse thoracic SC sections of wt and AftxS mutant mice at El 8*5. OUg2+ celts are evenly distributed along the DV axis In wt (M) 
and Nkx6 mutants (N), and the majority of eels express PDGFRa (O and P 4 ) and NG2 (Q and R). OHg2VNkx2.2 + are detected in wt (S) but not 
AftxS mutant embryos (T). 

(U and V) AftxS mutant SC tissue Isolated at El 2.5 and cultured for 10 days generate Olig2* ceils that coexpress 04 (0) and MBP (V). 

(W) Quantification of Otfg2VSsh1/2 + cells In wt and Aflotf mutants at El 5.5. Counts from six to eight sections per embryo; n - 2 wt and 3 

NkxS mutants; mean ± SO. 

PQ Quantffkatfon of 0ttg2*/PDOFRa- and OI)g2 + /PDGFRa* In the SC of wt and Nkx6 mutant embryos at El 5.5 and El 8.5. Similar numbers 
of Olig2VPDGFFia~ are present in wt and mutant mice at both time points. Counts from ten sections; mean ± SD. 
00 Model feidfcsnhg the differentiation profile of ventral and dorsal olgodendrocytes In the SC. 



differentiate (Baumarm and Pham-Dfnh, 2001). Never- 
theless, OHg2 + cells that expressed 04 and MBP could 
be detected in isolated NkxS mutant spinal cord tissue 



after culture in vitro (Figures 4U and 4V), indicating that 
these cells have the capacity to differentiate Into mature 
oligodendrocytes. 
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Dorsal and Ventral OLP Lineages Express Distinct 
Molecular Properties at Prenatal Stages 
Are oligodendrocytes generated from distinct positional 
origins moleculariy and functionally equivalent? Studies 
of neuronal differentiation suggest that neurons with 
similar functional properties have certain common mo- 
lecular properties, but aiso that functional differences 
among cells within a given class are associated with 
subtype-specific profiles of gene expression (Jessefl, 
2000). As compared to neuronal ceil differentiation, little 
is known about the determination of different glial sub- 
types (Ro witch, 2004). To examine the molecular proper- 
ties of dorsally and ventralfy derived oligodendrocytes, 
we compared the gene expression profile of Olig2+ 
OLPs in controls and Nkx6 mutant mice at E18.5. In 
controls, a subset of Olig2 + /PDGFRot + cells in the spinal 
cord had initiated expression of Nkx2.2 (29% £ 2.5%) 
(Figure 4S) (Qi et aL, 2001 ). In contrast, few If any Olig2 V 
PDGFRa + cells in Nkx6 mutants expressed Nkx2.2 at 
this stage (Figure 41). The lack of OLPs that express 
Nkx2.2 in NkxS mutants indicate that Nkx2.2 selectively 
marks OLPs with a ventral origin and that OLPs with 
different origins are moleculariy distinct, at least at pre- 
natal stages of spinal cord development. 



Evasion of BMP Signals Influences the Timing 
of OIIg1/2 Induction In Dorsal Progenitors 
The occurrence of dorsally generated oligodendrocytes 
raises the issue of how these cells are specified. In the 
neural tube, local BMP signaling has a central role in the 
initial establishment of dorsal progenitor identity (Lee et 
ah, 2000; Uem et al., 1997; Nguyen et ah, 2000). BMPs 
expressed in the dorsal neural tube also function to 
suppress more ventral Shh-dependent cell fates, includ- 
ing MNs (Uem et a!., 2000) and ventral oligodendrocytes 
derived from the pMN domain (Hail and Miller, 2004; 
Mekkl-Daurfac et al., 2002). The activation of 0!ig1/2 
expression in dorsal progenitors occurs at around El 5, 
a stage when the neural tube has grown considerably 
in size. We therefore considered the possibility that dor- 
sally generated oligodendrocytes could be sensitive to 
BMPs and that their (ate birth could reflect a decrease 
of BMP signaling over time. To examine this, we ana- 
lyzed the number of Otig2 + cells in dorsal explants that 
were isolated at E10.5 or El 2j5 and exposed to BMP7 
or the BMP antagonists Noggin and Chordin (Piccolo et 
at, 1996; Zimmerman et ah, 1996). In dorsal explants 
isolated at El 0,5, the generation of Olig2 + cells was 
completely blocked when cells were exposed to 1 ng/ml 
of BMP7 (Figure 5G; data not shown). Interestingly, the 
exposure of E10.5 dorsal explants to Noggin/Chordin 
resulted in a 3- to 4-fold Increase in the number of Oiig2 + 
cells as compared to controls (Figures 5A, 5B, and 5E). 
This increase did not reflect a ventraiization of progeni- 
tor Identity, as indicated by the in vitro detection of 
Olig2VPax7 + cells (Figure 5F) and a lack of any detect- 
able induction of Nkx2£ or NkxO.1 expression (data not 
shown). Instead, the increased number of Olig2 f cells 
_ in-&10.-5 explants exposed to Noggln/Chordin cor reft 
with a more rapid induction of these cells as compered 
to controls (Figures 5H-6X). BMP7 blocked Oiig2 ex- 
pression also in dorsal explants isolated 2 days lateral 



E1&5 (data not shown). In contrast to explants isolated 
at El 0.5, however, exposure of E1 2.5 explants to Noggin 
and Chordin did not result in an increased generation 
of Olig2+ cells (Figures 5C-5E). While these data show 
that dorsal progenitors are still responsive to BMPs at 
E1 2.5, the failure of BMP antagonists to promote the 
generation of Olig2^ cells at later stages is consistent 
with the idea that concentration of BMPs in the dorsal 
neural tube decreases over time. 

Oligodendrocytes Derive from Different Ventral 
Progenitor Domains in the Spinal Cord and Hindbrain 
While Nkx6 proteins are required for Olig2 expression 
in the ventral spinal cord, the expression of Olig2 per- 
sists in the ventral hindbrain of Nkx6 mutants and is 
even ectopically activated at anterior hindbrain levels 
(Pattyn et al., 2003b). The differential regulation of Otig2 
in the spinal cord and hindbrain raised the possibility 
that the generation of ventral oligodendrocytes is regu- 
lated differently at these axial levels. In support for this, 
and in contrast to the spinal cord, we found an extensive 
ventral ectopic induction of Otfgl, OHg2, Sour 10, and 
PGDFRa In the anterior hindbrain of Nkx6 mutants at 
E12.5 as compared to controls (Figures 6H, 6J, 6L, and 
6N and data not shown). These data provide direct evi- 
dence that Nkx6 proteins suppress oligodendrocyte 
generation in ventral positions of the anterior hindbrain. 
Dorsally derived OLPs In the hindbrain, however, ap- 
peared to be unaffected by the toss of Nkx6 function 
(Figures 6G and 6H). 

How then can Nkx6 proteins mediate opposing effects 
on the generation of oligodendrocytes at different axial 
levels of the CNS? Most HD transcription factors that 
are involved in ventral neural patterning, including 
Nkx6.1 and Nkx6.2, function directly as transcriptional 
repressors (Muhr et al., 2001 ; Novitch et al., 2001; Zhou 
et al., 2001). These data suggest that the promotion of 
OJig2 expression by Nkx6 proteins in the spinal cord is 
indirect and possibly involves an Nkx6-mediated exclu- 
sion of a repressor of Olig genes in pMN progenitors. 
In the spinal cord, the OBgl/2* pMN domain Is located 
immediately dorsal to p3 progenitors, which express 
Nkx2.2 and produce SIm1 -expressing V3 neurons 
(Briscoe et al., 1999). Nkx2.2 Is sufficient and required 
for the generation of V3 neurons in the spinal cord and 
is an established repressor of Oiig2 expression at this 
axial level (Muhr et al., 2001 ; Novitch et ah, 2001; Zhou 
et al., 2001). Unexpectedly, we found that the domain 
of Nkx2.2 and Si ml expression had expanded dorsally 
and encroached into the presumptive pMN domain in 
the spinal cord of Nkx6 mutants at E11.5 (Figures 6A- 
6D). These data show a genetic requirement for NkxS 
proteins to suppress Nkx2.2 expression in the pMN do- 
main. Further, they reveal a strong correlation between 
the loss of OJig2 expression, and subsequent ollgoden* 
drogenesis, and the dorsal expansion of Nkx2.2 into the 
pMN domain of Nkx$ mutant spinal cord. 

The observation that loss of Nkx6 proteins in the ante- 
rior hindbrain instead results in an ectopic induction of 
~ JP markers, led us to examine the generation of OLPS 
at this level in more detail In the anterior hindbrain, 
ventral expression of Ollg2 could first be detected at 
El 2.5 (Figures 6E, 61, and 6K). Most, if not all, Olig2 + 
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Figures. Decreased BMP Slgnafing Pro- 
motes the Generation of Dorsal OSg2* Cells 
In Vitro 

(A-D) Olig2* cells in dorsal SC explants from 
El 0.5 (A and B) and El 2£ (C and D) embryos 
cuttiired until corresponding day E1 &V5 in the 
absence (A and C) or presence (B and D) of 
BMP sihibitors Noggin and Chord In. 

(E) Exposure of E10.5 explants to NoggaV 
Chordin resulted In a 3,5-fold increase in 
Oiig2+ cells as compared to controls. A simi- 
lar number of OligST cells was observed in 
E\Z& explants cultured wtth or without Nog- 
gin/Chordii. Graph shows ratio of Olig2+ 
cells in Nc^jgin/Chordtn- treated explants ver- 
sus controls. Eight explants analyzed per 
time point; mean ± SO. 

(F) Explants retain their dorsal identity in the 
presence of Noogin/Chordin as indicated by 
Pax7 expression and the detection of Pax7V 
Olig2 1 cells (arrows in [FJ). 

(G) BMP7 suppresses 0tfg2 expression In 
El 0.5 dorsal SC explants cultured for 8 days. 
(H-K> O0g2 expression in El 0.5 dorsal ex- 
plants cultured for various time points in the 
presence or absence of Noggm/Chordin. 

(L) Quantification of O0g2* ceDs per exptant. 
In explants exposed to Nc^gjn/Chordln, 
OHg2+ cells could first be detected after 3.5 
days of culture, as compared to 4.5 days in 
controls. Explants treated wfth Noggin/ 
Chordin show higher numbers of OHg2* cells 
compared to controls. Counts from six ex- 
plants per time point: mean ± SO. 



cells at this stage were located in lateral positions of 
the Nkx2.2 + VZ, and many cells coexpressed Nkx2.2 
and Ollg2 (Figures 6E and 6T). Many 01192" cells also 
expressed PGDFRa, indicating that they Indeed are 
OLPs (Figure 6K). Thus, while Ofig2+ cells in the ventral 
spinal cord are generated dorsal to the Nkx2.2 + progeni- 
tor domain, Olig1/2 + cells in the anterior hindbrain ap- 
pear to be derived from Nkx£2-expressing progenrtors. 
Like spinal cord levels, the domain of Nkx2^ expression 
was expanded dorsally in the anterior hindbrain of NkxG 
mutants at El 2.5 (Figures 6F and 6J; data not shown). At 
this axial level, however, there was a striking correlation 
between the expanded expression of Nkx2.2 and the 
ectopic Induction of oligodendrocyte differentiation 
(Figures 6J, 6L, and 6N). These data show that the differ- 
ential regulation of oligodendrocytes by Nkx6 proteins 
is tightly linked to the expression of IMkx2.2 and to the 
distinct ventral origins of oligodendrocytes in the spinal 
cord and anterior hindbrain (Figures BO and 6Q). 

Discussion 

Previous studies have established that oligodendro- 
cytes In the spinal cord are generated from ventral pMN 
progenitors in the spinal cord. In addition to a ventral 
origin of these cells, we here provide evidence that oligo- 
dendrocytes are produced also by progenitors in the 
dorsal spinal cord and hindbrain. Our study further sug- 
gests tha^ most ventraHy ^rwe^ed c^rgodemirocytes — 
•n the hindbrain are produced from Nkx2.2 + progenitors, 
rather than from more dorsally positioned pMN progeni- 
tors. Together, these data reveal multiple positional ori- 



gins of oligodendrocyte specification in the spinal cord 
and hindbrain and provide evidence that the activation 
of Ofig1/2 expression at different positions is regulated 
by distinct genetic programs. 

A Dual Ventral and Dorsal Origin of ODo^xlenoVocyte 
Generation in the Spinal Cord 
sMNs and oligodendrocytes are generated sequentially 
from pMN progenitors in the ventral spinal cord, and 
the generation of these cells depends on the function 
of OIig1/2 (Mizuguchi et aL, 2001; Novitch et at., 2001; 
Zhou et ah, 2001). We provide several lines of evidence 
that, in addition to those in the pMN domain, dorsal 
progenitors in the spinal cord generate oligodendro- 
cytes. First, at E1 5, approximately 2 days after the gener- 
ation of OLPs from the pMN domain, we find that a 
subset of dorsal Ollg2 + celts are located within the VZ 
and coexpress the established dorsal progenitor mark- 
ers Pax7 and Gsh1/2 (Figures 2B-2E). Second, oligoden- 
drocytes are produced by isolated dorsal progenitors 
in culture, under in vitro conditions in which cells retain 
their dorsal progenitor identity. Ollg2-7Pax7 + cells were 
generated in dorsal explants Isolated as early as E10.5 
and, together with our analysis of NkxB mutants, these 
experiments argue against the formal possibility that a 
subset of pMN domain-derived OLPs would initiate Pax7 
and Gshl expression after migrating into the dorsal neu- 
ral tube. Third, while the pMN domain and ventral oligo- 
dend ro<^es are missing in tne spihaTcord of Nkx6 mu- 
tants, dorsal OJIg2 VPax7 VGshl /2 ~ are generated on 
schedule and in numbers similar to those detected in 
controls at E15. 
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Figure 6. Different Ventral Progenitor Do- 
mains tn Spinal Cord and Hrtd brain Give Rise 
to Oligodendrocytes 

(Ar*Q Transverse HB and SC sections of wt 
and Nkx6 mutant embryos at E12£-1&5. In 
the SC of wt mice, Oflg2+ cells are detected 
dorsal to trie domain ofNkx2£ expression at 
E12.5 (A). In Nkx6 mutant mice, OUg2* celts 
are absent, and the expression of Nkx2.2 (B) 
and the V3 neuron marker Siml (C and D) is 
dorsally expanded. Ventral OBg2+ cells at the 
R5 and R3 levels of the E12£ hindbrain are 
detected within, or in close proximity to, the 
Nkx2.2 + domain (E and 0- Note that several 
laterally positioned Nkx2*2 + cells coexpress 
OUg2. tn the MwS mutant HB, the domain of 
Nkx2.2 expression expands dorsaOy (F and 
JU and here the expansion Is associated with 
an Increased number and a dorsal expansion 
of OHg2 + cells (F, J, K, and L>> The generation 
of ectopic Oiig2' cells in the ventral hind- 
brain of NkxS mutants is accompanied by In- 
duction of OLP markers OTigl (G and H), 
PDGFRa (K and L), and SoxlO (M and N). 
Dotted Ones indicate dorsal boundary of wt 
Nkx2.2 expression. Arrow and arrowhead in- 
dicate ventral art dorsal Oig1+ domains, re- 
spectively (G* and H). (O-fl) Model of oRgoden- 
drocyte specification tn the ventral spinal cord 
and hindbrain. In the ventral spinal cord and 
caudal-most hindbrain, somatic MNs and 
OLPs are sequentially generated from the 
OHgl/T pMN domain located dorsal to 
Nkx2£" progenitors (O). In the spbial cord, 
Shh Induces expression of NkxS and OBgl/2 
proteins In the pMN domain, while hfgher Shh 
concentrations induce NkxZ2 expression tn 
more ventral positions (P). NkxS proteins sup- 
press Nkx2.2 expression in the pMN domain. 

^ "The dorsal expansion of Nkx2^ observed in 

/Wtx6 mutants may underlie the extinction of OBgl/2 expression in SC pMN progenitors and the ectopic generation of V3 neurons. Since NkxS 
proteins are coexpressed with Nkx2.2 in p3 progenitors, the repression of Nkx2.2 by Nkx6 is likely to require a pMN domain expressed 
cofactor. At anterior Nndbraki levels, ventral ry derived oRgodendrocytes are generated from the Nkx2.2* pMNv domain that at earlier stages 
produce visceral MNs (Q and R). NkxS proteins control the dorsal limit of Nkx2.2 expression also kt the hindbrain. Since ODgl /^-expressing 
OLPs derive from the Nkx2^ + progenitor at this level, the expansion of Nkx2.2 expression in the absence of NkxS function therefore results 
in a premature and ectopic Initiation of OKgl/2 expression and oligodendrocyte differentiation (Q). 




Spinal cord 



Anterior hindbrain 



wt Nlorev. j Wt MbnW- 



Shh 



1 



NkxS 



\Otlg1/2 — ►OLP 



Hkx2J2 • 



Oligl/2 — ►OLP 



We cannot formally establish that dorsal Olig2* cells 
acquire properties of mature oligodendrocytes In vivo, 
since Nkx6 mutants die at birth and, in wild-type em* 
bryos, differentiating dorsal Olig2 + cells downregulate 
the expression of Pax7 and Gsh1/2 and intermingle with 
OLPs generated from the pMN domain. Nevertheless, 
our data show that celts in Nkx6 mutants differentiate 
along the oligodendrocyte lineage In vivo and further 
that mature oligodendrocytes are produced in vitro in 
both cultured Nkx6 mutant tissue and wild-type dorsal 
spinal cord expiants. Taken together, these data strongly 
suggest that oligodendrocytes in the spinal cord are 
generated from both ventral and dorsal progenitor cells. 
Our study also suggests that oligodendrocytes are gen- 
erated from dorsal progenitors in the hindbrain, and 
other studies have indicated a dual origin of oligoden- 
drocytes In the forebrain (Gorski et aJ., 2002; Levfson 
and Goldman, 1993). It is possible, therefore, that the 
specification- of o^tgodendrocytee from dual, or multiple, 
DV positions is a general characteristic of the devel- 
oping CNS. 

The relative contribution of the dorsal lineage of OLPs 



is unclear, but comparisons of the total number of 
Otigl/2-expressing cells in control and Nkx6 mutant em- 
bryos imply that dorsally generated cells represent a 
minor fraction of the total number of OLPs at prenatal 
stages of development (20%-30%; data not shown). In 
wild-type conditions, however, this number could be 
lower, since dorsally specified OLPs in Nkx6 mutants 
could be propagated more efficiently due to the lack of 
ventrally derived OLPs that are likely to compete for 
essential growth factors such as PDGF (Carver et al., 
1 998). Also, while we observe similar numbers of Olig2 + 
cells expressing dorsal progenitor markers In Nkx6 mu- 
tant and controls at E1 5, the accompanying paper by 
Cai et al. (2005) in this issue of Neuron reports an approx- 
imately 3-fold increase In the number of Olig2 + /Pax7 + 
cells in NkxB mutants. While the reason for this differ- 
ence between our studies remains unclear, it raises the 
possibility that the ventral loss of Nkx6 proteins and/or 
verrtraJ olIg^derKirocytes may nave a certain influence 
on the specification of OLPs from dorsal progenitor 
cells. 

How then is the specification of dorsally derived otigo- 
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dendrocytes regulated? Otig1/2 proteins are required 
for the generation of all oligodendrocytes (Lu et al., 2002; 
Zhou and Anderson, 2002), and a key step, therefore, 
must be to regulate the initiation of Olig1/2 expression 
in dorsal progenitor cells. Local BMP signaling from the 
roof plate has an essential early role in establishing 
dorsal neural tube Identity and the patterned generation 
of dorsal neuronal subtypes (Helms and Johnson, 2003; 
Lee et ah, 2000; Uem et al., 1997). Scattered Olig2V 
Pax7 + Gsh1/2 + cells can first be detected in lateral posi- 
tions of the VZ at around El 5 (Figures 2B-2E, 4E, and 
4G). We find that BMP7 suppresses oligodendrocyte 
differentiation in dorsal neural tube explants in vitro, 
while BMP antagonists enhance generation of dorsal 
Olig2 + cells in dorsal explants isolated at early develop- 
mental stages. Since the spinal cord has grown consid- 
erably in size by E15, these data are consistent with a 
model in which the timing of Olig1/2 induction in dorsal 
progenitors involves a progressive evasion of BMP sig- 
naling due to a limited range of action of BMP signals 
secreted by the roof plate. 

The induction of Ollg1/2 expression in the pMN do- 
main requires Shh signaling, raising the possibility that 
Shh also mediates the induction of Oligl/2 expression 
in the dorsal neural tube. This does not appear to be 
the case, since data by Cal and coworkers show that 
dorsal oligodendrocytes are generated in the absence 
of Shh signal transduction In vivo (Cai et al., 2005). FGF 
has been shown to promote OJig gene expression and 
oligodendrocyte differentiation in vitro (Chandran et al. t 
2003; Kessaris et al., 2004), but such experiments are 
difficult to Interpret, since the induction of oligodendro- 
cytes In response to FGFs In vitro has also been associ- 
ated with an erroneous ventraiization of progenitor cell 
identity (Gabay et al., 2003). To overcome this issue, 
we exposed isolated dorsal Pax7 + progenitors to an 
Inhibitor of FGF receptor signaling, SU 5402 (Moham- 
madi et al, 1997), and under these conditions we ob- 
served a complete block of Oiig1/2 induction and oli- 
godendrocyte differentiation (data not shown). While 
additional in vivo experiments are necessary to deter- 
mine the precise role for BMP and FGF signaling in this 
process, these data indicate that a combination of FGF 
signaling and a progressive decrease in BMP activity 
over time may underlie the late phase of oligodendrocyte 
specification in the dorsal half of the spinal cord. 

What Is then the functional rationale of producing oli- 
godendrocytes at several DV positions? One possibility 
is that a single origin of oligodendrocyte specification 
is not sufficient to produce the number of oligodendro- 
cytes necessary to effectively insulate an axons at a 
given axial level. An alternative possibility is that the 
production of dorsal and ventral oligodendrocytes is 
necessary due to the establishment of physical or mo- 
lecular barriers that hamper the migration of OLPs along 
the DV axis. Both these alternatives, however, appear 
to be unlikely since OLPs, once specified, are effectively 
propagated In a PDGF-dependent fashion outside of the 
VZ (Catver et al., 1998), and both ventral and dorsal 
OLPs appear to be capable of freely migrating along the 

— DV axis of the spina) cord (Rowitch, 2 004) (t hi s study); 

The lack of Nkx2.2-expressing OLPs in Nkx6 mutants 
implies that ventrally and dorsally derived OLPs express 
distinct molecular properties, at least at prenatal stages 



of development An Intriguing possibility, therefore, is 
that oligodendrocytes that are generated from distinct 
progenitor populations acquire distinct functional prop- 
erties. Analyses of Oligl /2 function directly support that 
patterning along the DV axis controls the spatial specifi- 
cation of distinct glial cells, since the loss of oligoden- 
drocytes in the pMN domain in Oligl /2 mutants Is asso- 
ciated with a concomitant gain of astrocytes (Zhou and 
Anderson, 2002). Also, in addition to the population of 
myelinating oligodendrocytes, certain oligodendrocytes 
have been shown to establish synapses with GABAergic 
intern eurons in the hippocampus (Lin and Bergles, 
2004). Clonal analyses in the postnatal forebrain have 
further revealed the presence of at least two types of 
OLPs, one that rapidly differentiates into myelinating 
oligodendrocytes and another that remains undifferenti- 
ated over extensive periods of time (Zeriin et al., 2004). 
While the mechanism(s) that underlies these functional, 
or behavioral, differences among oligodendrocytes re- 
mains to be determined, it is feasible that such differ- 
ences will be related to the positional specification of 
oligodendrocytes along the DV axis of the neural tube. 

Opposing Requirements for Nkx6 Proteins 

for Oligodendrocyte Specification in the Ventral 

Spinal Cord and HIndbrain 

In addition to the identification of dorsally derived OHg2 + 
OLPs in the spinal cord and hindbrain, our study reveals 
a striking difference between the specification of oligo- 
dendrocytes in the ventral spinal cord and hindbrain. 
The activity of Nkx6 proteins Is required for the genera- 
tion of oligodendrocytes from the ventral progenitors in 
the spinal cord, while the same proteins instead sup- 
press oligodendrocyte production at anterior hindbrain 
levels (Figures GO and 6Q). Our data indicate that this 
differential regulation reflects that oligodendrocytes de- 
rive from distinct ventral progenitor domains at these 
different axial levels. In the spinal cord, the pMN domain 
is located immediately dorsal to the Nkx22+ p3 progeni- 
tor domain (Briscoe et at, 1 999), and Nkx2.2 is an estab- 
lished repressor of Ollg2 expression at this level (Novhch 
et al., 2001). A common phenotype in the spinal cord 
and hindbrain of Nkx6 mutants is that the domain of 
Nkx2.2 expression expands dorsally, revealing a genetic 
requirement for Nkx6 proteins to control the dorsal limit 
of Nkx2.2 expression. It Is conceivable, therefore, that 
a primary role of Nkx6 proteins in oligodendrogenesis 
in the ventral spinal cord is to Indirectly ensure the main- 
tained expression of Ofig1/2 through the suppression 
of NkxZ2. 

Our analysis indicates that, in contrast to the spinal 
cord, the ventral oligodendrocytes in the anterior hind- 
brain are generated from the NkxZ£ + pMNv domain 
(Figures 61 and 6K) that at preceding stages has pro- 
duced visceral MNs and serotonergic projection neu- 
rons (Ericson et al., 1997; Pattyn et al.. 2003a, 2003b). 
As a consequence, the dorsal expansion of Nkx2.2 ex- 
pression In the hindbrain of Nkx6 mutants results In an 
increased production of OLPs rather than a loss of these 
- ceite.it remains unclear how Nkxz.zcan promofe~Offg1/2 
expression in the hindbrain and why Nkx2.2 and Oligl /2 
are coexpressed in hindbrain progenitors but not in the 
mouse spinal cord. Nevertheless, the expression of 
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Nkx2.2 at anterior hindbrain levels shows a mutually 
exclusive relationship with the expression of Irx3 {Pattyn 
et al., 2003b). a HD protein also known to repress Olig2 
expression in the spinal cord (Novttch et al., 2001). 
Nkx2.2 could therefore promote OIig1/2 expression, at 
least in part, through the exclusion of Irx3 expression 
in the ventral -most part of the hindbrain. 

Taken together, these data establish that oligoden- 
drocytes in the ventral spinal cord and hindbrain are 
generated from distinct ventral progenitor domains. Al- 
though the specification of ventral oligodendrocytes at 
different axial levels shows a similarity with respect to 
their dependence on Shh signaling (Alberta et al., 2001; 
Lu et al., 2002) and requirement for OHgl/2, our analysis 
of Nkx6 mutant mice reveals crucial differences In the 
intrinsic programs that control Olig1/2 expression in the 
ventral spinal cord and hindbrain (Figures 6P and 6R). 
Considering that the loss of Nkx6 function has no signifi- 
cant influence on oligodendrocytes specified in dorsal 
positions of the spinal cord and hindbrain, it is apparent 
that also the upstream control of Olig1/2 expression 
in dorsal progenitors must be differently regulated as 
compared to their ventral counterparts. 

Experimental Procedures 
Mouse Mutants 

The generation and genotyping of Nkx6.1- and Nkx&2-deflcient 
mice have previously been reported (Sander et al., 2000; VaOstedt 
et €d., 2001). 

Neural Tube Exptant Cultures 

Rhombomeres 4-6 from hindbrains of E10.5 mouse embryos (CB57) 
were divided mto ventral, intermediate, and dorsal portions. Ex- 
plants were embedded In collagen (Cohesion Technologies) and 
cultured as previously described (Sussman et aL, 2000), with the 
exception that 1% FBS was replaced with 1% KCR (lm/itrogen). 
Spinal cords from E10.5 and El 2.5 mouse embryos (CB57) were 
divided into ventral and dorsal portions and cultured under same 
conditions. For assessments of FGF effects, 20 no/ml FGF2 (ln- 
vitrogen) was added to media. Functional bfocMng of FGF slgnaBng 
was performed by adding 25 t±M $5402 (Cafetochem) to the media. 
For assessments of BMP effects, 1 ng/ml BMP7 (R&D Systems) was 
added; blocking of BMP signaling was performed by adding 1 ng/rnl 
Chord in and 1 pg/rnl Noggin (R&D Systems). 

hnmimorsstochemlstry and tn Situ 
Hybridization Histochemistry 

Irnmunohistochemicai localization of proteins was performed as de- 
scribed (Briscoe et aL, 2000). Antibodies used were as follows: rabbit 
Or), mouse (m), and guinea pig (gp) OJIg2 (Novitch et al., 2001), rat 
PDGFRa (PhanMingen), m04, rat MBP, r NG2 (Chemicon), m Pax7, 
m HB9, m Shh (DSHB), r Gsh1/2 (kind gift from Martin Gotiding), m 
NeuN {ChemiconK r Nkx6.1, r Nkx2.2 (Briscoe et aL, 2000). In situ 
hybridization histochemistry on sections or as whole mounts was 
performed (Scnaeren-Wiemers and Gerfln-Moser, 1993) using mouse 
OBgl, 0Ug2, Scuta Dbx2 r NaZ2, Part, Gsh1 t and PDQFRql probes. 
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Summary 

In the developing spinal cord, early progenitor cells of 
the oligodendrocyte lineage are induced In the motor 
neuron progenitor (pMN) domain of the ventral neuro- 
epithelium by the ventral midline signal Sonfc hedge- 
hog (Shh). The ventral generation of oligodendrocytes 
requires AM*6-regulated expression of the bHLH gene 
Offg2 in this domain. In the absence of NkxB genes or 
Shh signaling, the initial expression of Otlg2 in the 
pMN domain is completely abolished. In this study, we 
provide the in vivo evidence for a late phase of Olig 
gene expression independent of NkxQ and Shh gene 
activities and reveal a brief second wave of ollgoden- 
drogenesis in the dorsal spinal cord. In addition, we 
provide genetic evidence that oiigodendrogenesls can 
occur in the absence of hedgehog receptor Smooth- 
ened, which is essential for all hedgehog signaling. 

Introduction 

The spinal cord has served as an excellent model for 
studying the origin and molecular specification of oligo- 
dendrocytes In the developing central nervous system 
(CNS). Although oligodendrocytes are widely distributed 
in the adult spina) cord, recent findings have indicated 
that early progenitors of the oligodendrocyte lineage are 
induced from specific loci of the ventral neuroepftheSum 
by the ventral midline signal Sonic hedgehog (Shh) (for 
reviews, see Richardson et al., 2000; Spassky et al., 
2000; Miller, 2002}. Under the Influence of Shh morpho- 
gen, a number of transcription factors are selectively 
repressed (dass I) or induced (class II) in the ventral 
neural progenitors (Briscoe et aL, 2000), with each tran- 
scription factor having a different threshold response to 
the graded Shh signaling. As a result, these progenitor 
transcription factors display a nested pattern of expres- 
sion along the dorsal-ventral axis. Based on their differ- 
ential expression In the ventral spinal cord, the ventral 
neuroepithelium can be divided into five distinct do- 
mains (p0-p3 and motor neuron progenitor [pMND, with 

each^domain expressing a unique combination of pro- 

genitor genes and producing a specific neuronal cell 
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type followed by either astrogliogenesis or oligodendro- 
genesis (Jessell, 2000; Zhou and Anderson, 2002). The 
pMN domain, which expresses Nkx6 homeodomain 
transcription factors (Qlu et al., 1998; Briscoe et aL, 
2000; Vallstedt et al., 2001) and OUg bHLH transcription 
factors (Mizugucht et al. v 2001; Novitch et al., 2001), first 
produces motor neurons followed by oligodendrocyte 
precursor cells (OPCs) (Richardson et aJ., 1997; Sun 
et al, 1998; Fu et al., 2002) that subsequently migrate 
throughout the spinal cord before differentiating into 
myelinating oligodendrocytes. The sequential genera- 
tion of motor neurons and OPCs from the pMN domain 
requires the expression of Otigl and Ofrg2 transcription 
factors in this domain, and disruption of the Otig genes 
leads to the loss of both motor neurons and oligodendro- 
cytes in the spinal cord (Lu et al., 2002; Takebayashi et 
al., 2002; Zhou and Anderson, 2002). Based on these 
and other observations, it is believed that, In the spinal 
cord, early OPCs originate from the pMN domain, and 
oligodendrocyte development is coupled to motor neu- 
ron development (Zhou et al., 2001 ; Lu et aL, 2002; Zhou 
and Anderson, 2002). 

The possible contribution of dorsal neuroepithelium 
to oligodendrocyte development in the spinal cord has 
been under intensive investigation and considerable de- 
bate. In the developing chick embryos, some early trans- 
plantation studies suggested that oligodendrocytes 
were generated from both dorsal and ventral spinal cord 
(Cameron-Curry and Le Douarin, 1 995). However, similar 
chick-quail grafting experiments argued that dorsal spi- 
nal neuroepithelial cells only produced astrocytes but 
not oligodendrocytes (Pringle et al., 1998). Recent stud- 
ies in rodents suggested that gllal-restricted progenitor 
(GRP) cells, which can give rise in vitro to OPCs and 
astrocytes, could be derived from both dorsal and ven- 
tral spinal cords (Rao et al., 1998; Gregori et al., 2002). 
Moreover, In vitro culture of dorsal mouse spinal cord 
expfants, like that of its ventral counterpart, can also 
produce OPCs, although with a significant delay. In the 
mean time, the intermediate region located between the 
dorsal and ventral explants failed to generate OPCs in 
culture (Sussman et al., 2000), arguing against the possi- 
bility of dorsal Invasion of OPCs from the ventral region. 
Together, these experiments indicated that the dorsal 
spinal neuroepithelial cells In mammals have an intrinsic 
and independent potential to produce oligodendrocytes 
under appropriate conditions. However, It is not known 
whether this potential is realized during the in vivo devel- 
opment of mouse spinal cord, as it has been argued 
that, in culture, neural progenitor cells may lose their 
positional cues and behave differently from in vivo in 
response to exogenous factors (Gabay et al., 2003; 
Stiles, 2003). For instance, bFGF can ventralize dorsal 
neural progenitor cells in vitro, resulting In an arbitrary 
induction 0tig2 expression and oligodendrocyte differ- 
entiation (Gabay et al., 2003; Chandran et al., 2003; Kes- 
saris erarr20O4j: 

To investigate whether OPCs can be derived from the 
dorsal spinal cord In vivo, we examined oligodendrocyte 
development in Nkx6.1~'- NkxS.2-'- and Shh '- mutant 
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Figure 1 . Esrty Expression of Otfg2 in Various Nkx€ Mutant Spinal Cords 

Transverse spinal cord sections from El 0.5 (A-O) and El 2.0 (E-H) embryos of various Afloc genotypes were subjected to in situ hybridization 
with Oilg2 ribo probe. The Oiig2 expression in the pMN domain was regulated by tne redundant activities of Aftx&f and Nkx&2 and was 
completely suppressed In NkxS~*~ double mutants. 



splnaJ cords, in which the early ventral ollgodendrogen- 
esis from the pMN domain Is abolished, so that the 
potential dorsal oligodendrogenests coufd be unmasked- 
Our studies on oligodendrogertesis in Nkx6~'~ double 
mutants and Sft/r'~ mutants uncovered a transient pro- 
duction of OPCs in the dorsal spina) cord. The dorsal 
generation of OPCs was also observed in wild-type spi- 
nal cords and was confirmed by in vitro culture of dorsal 
spinal cord explants. Together, these observations sug- 
gest an Nkx- and 5/>/?-irtdependent mechanism for Ofig 
gene expression in the dorsal spinal cord after neuro- 
genesis and provide evidence for a late phase of ofigo- 
dendrogenesis independent of motor neuron develop- 
ment In the dorsal spinal cord. 

Results 

NkxS Dosage-Dependent Ofig Gene Expression in 
the Ventral Ventricular Zone during Neurogenesis 
Previous studies have demonstrated that NkxS.1 and 
Nkx&2 have redundant functions in controlling motor 
neuron specification, with NkxS.1 having a larger effect 
than NkxS.2 (Vaflstedt et at., 2001). To examine the ef- 
fects of different levels of McxG gene activity on oligoden- 
drocyte development In embryonic spinal cord, we first 
examined the early expression of Offg2, the principal 
Ofig gene responsible for motor neuron and oligoden- 
drocyte development (Lu et al., 2002; Takebayashi et 
al. t 2002), in the ventral spinal cords of various NkxS 
mutants prior to oligodendrogenesls stages. Consistent 
with the previous findings (Lu et al., 2000; Zhou et al. 9 
2000; Taliebaya^eral^OtJraf E1 rxrarKfE12.07OZ^~ 
2 was exclusively expressed In the pMN domain of the 
wild-type spinal cord (Figures 1A and 1E). In heterozy- 
gous embryos (Nkx6.1 +, - 9 Afcx6L2 +y - ( or Nkx6.1+'~ 
Nkx6>2+'-) and Nkx6£-'~ homozygous embryos, 0ftg2 



expression was not significantly affected (data not shown). 
In Nkx6.1 +/ - Nkx&2-'~ embryos, expression of OHg2 In 
the ventral ventricular zone was slightly decreased (Fig- 
ures 1B and 1F). However, OUg2 expression was mark- 
edly reduced in Nkx6,1~ f ' (Uu et al., 2003) or Nkx6.1'~ 
Nkx&2+'- embryos (Figures 1C and 1G) and completely 
eliminated In Wtor&r'- Nkx6.2~*- (referred to as Nkx6-'~ 
hereafter) compound mutants (Figures 1 D and 1 H). Col- 
lectively, these results indicated a dosage-dependent 
regulation of OUg2 expression in the ventral spinal cord 
by NkxS transcription factors, and its expression is 
largely dependent on Nkx6.1 activity but to a lesser 
extent on NkxS.2 activity. 

Delayed and Dorsal Expression of OUg Genes 
In NkxS-'- Spinal Cords during Ovogenesis 
To investigate whether the lack of Ofig expression in the 
pMN domain leads to a complete inhibition of oligoden- 
drogenesis in the spinal cord, we examined OPC genera- 
tion and differentiation at progressively later stages of 
embryonic development In Nkx6~'- double mutants. At 
E13.5, many Ottg1+ and 0ifg2+ OPCs had already mi- 
grated out of the ventral ventricular zone in wild-type 
spinal cords (Figures 2A and 2C). As expected, no migra- 
tory OIIg+ cells were observed outside the ventricular 
zone in NkxS*~ mutants. Surprisingly, a small number 
of Otigl + and C//g2+ cells were detected In the mutants 
In both dorsal and ventral ventricular zone (Figures 2B 
and 2D). The ventral expression of Ofig genes In NkxS~'- 
mutants occurred at approximately the same position 
as the pMN domain. These data suggested a NkxS- 
independent regulation of OUg gene expression in both 
the dorsal and ventral spinal cord during oligodendro- 
genesls stages. The dorsal expression of Oftg genes in 
the mutants became more apparent at El 4.5, when a 
small number of Olig1+ and OUg2+ OPCs started to 
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Figure 2. Late and Dorsal Expression of ORg2 Gene h Moee^- Spinal Cords at the Thoracic Level 

Transverse sections from E1 3.5 (A-O), El 4.5 (E-H), E1 5^ Q-Q, and E18.5 (M-P) spina] cords of wiW-type and Nkx6~'' embryos were subjected 
to in situ hybridization with riboprcbes tor Oitg2 and Offcf . At E13L5, Offg7 and tffe2 expression was unregulated in NkxB-'' double mutants 
In both dorsal (Indicated by arrows) and ventral {indicated by the arrowheads) positions. At El 4.5 and later stages, OTfg1+ and OBg2+ cells 
migrated into the surroundktg regions In a dorsal to ventral gradient, in contrast to that seen In the wad-type spinal cords. The positions of 
dorsal-derived Ofig+ cells In E14.5 wBd-type spinal cord are outlined by a square bracket fn (E) and (QL 



migrate away from the dorsal ventricular zone (Figures 
2F and 2H). Interestingly, very few migratory OPCs were 
produced from the OZ/g-expressing ventral ventricular 
zone of the mutant spinal cord. Thus, a vast majority of 
Ofig+ OPC cells in Nkx6~ f ~ mutants appeared to origi- 
nate from the dorsal ventricular zone. At this stage, a 
distinct population of Oiigl + and Ofig2+ ceils were also 
closely associated with the dorsal ventricular or subven- 
tricular zone of the wild-type spinal cords (Figures 2E 
and 2G), and there was an apparent discontinuity be- 
tween this group of OIig+ ceils and the ventral-derived 
Olrg+ cells (more apparent in Figures 5A, 51, 8C, and 
8E). Together, these observations suggest that a small 
-number-of-0//jg+ ~'OPCs~ans~produc£d frorti th£ dorsal 
neuroepithelial cello In both normal and Nkx6 '~ spinal 
cords. 

At E1 5.5, the number of Olig1/2+ cells in Nkx6~ f ~ mu- 
tants was further increased, but most of them remained 



confined to the dorsal spinal cords (Figures 2J and 2L). 
(n contrast, ahigher percentage (55%)ofO//97/2+ OPCs 
were found In the ventral half of wild-type spinal cord 
(Figures 21 and 2K), and they were presumably derived 
from the ventral neuroepithelial cells. By E18.5, 0//g7/2+ 
cells were distributed more or less evenly throughout 
the entire spinal cord in Nkx6r'- mutants (Figures 2N 
and 2P) P suggesting that the dorsal-derived Ofig+ OPCs 
in Nkx6 '~ mutants migrated progressively from the dor- 
sal to the ventral spinal cord. However, the number of 
OJig+ cells remained significantly smaller than that in 
wild-type embryos (Figures 2M and 20; Figure 3Q). 

Delayed ApfrearahWdf Other Oligodendrocyte 
Markers In Nkx6~'~ Mutants 

One critical issue for the dorsal-derived 0//g+ cells is 
whether they are capable of differentiating further along 
the oligodendrocyte lineage. To address this question. 
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Figure 3. Delayed and Reduced Productton of PDGFRa + and Sox10+ OPCs In Nkx6-*- Mutant Spkial Cords 

(A-g Spinal cord sections from El 3.5 (A-D), E15V5 (E-H), and El 8.5 «-t) wfld-type and mutant embryos were subjected to in situ hybridization 
wfth PDGFRa or SoxlO rfboprobes. A smaller number of PDGFRa + and Sart0+ cefls started to emerge in Eia5 Nkx6*~ spinal cords. 
(M-P) Double immunostalnlng of E18.5 wid-type and mutant spinal cord with OUg2 (green) and PDGFRa OMJ and [N], rod) or SoxfO (fOJ and 
[PJ, red). 

(Q) The number of Olig2+ single-positive OPCs and OUg2+ /PDGFRa + or G*g2+/Sox10+ double- positive cells per spinal cord section In 
E1 8.6 wfld-type or Nbc6' t ' mutants (average of throe sections). 

(R) The percentage of OBg2+ cefls that coexpress PDGFRa or SoxlO in E18.5 wild-type or Nkx6^- mutants. Statistical analyses in (Q) and 
(R) were performed with Student's t test 



wmwammedthe expression of ^ 

markers (e.g., PDGFRa, SoxlO, and MBP) downstream 
of OUg1!2 In Nkx6-'- spinal cords. In wild-type spinal 
cords, expression of PDGFRa and So*70 Is restricted 



to oligodenoTocyte^neagelPringle et af. p 1992; Stolt et 
al., 2002} and can be detected In the ventral spinal cord 
at E13.5, whereas their expression In Nkx^ mutants 
was not observed until El 8.5 (Figures 3A-3L), indicating 
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Figure 4. CSsmpted Expression of MBPandPiPtn Aflbto'-'- Mutant 
Sphal Cords 

(ArD) Spinal cord sections were prepared from El 8.3 wlkMype (A 
and C) and mutant (B and D) animals and hybridized with MSP (A 
and B) and PUP (C and D> riboprobes. 

(E-H) Spinal cord explants isolated from El 3*5 wad-type and Nkx6~ H 
embryos were cultured on floating membranes for 8 days before 
they were subjected to anti-MBP whole-mount Jmmunostainfrig. (Q) 
and (H) are hfgher magnifications of (E) and (F), respectively* showing 
MBP+ myelinating axons. 



a significant delay of OPC differentiation. Double immu- 
nostaining at this stage confirmed that a high percent- 
age of Otig2+ cells in Nkx6 mutants coexpressed 
PDGFRa and SoxlO (Rgures 3M-3P and 3R), although 
the total number of OHg2+ /PDGFRa. + and Ofig2+/ 
Sox 10 -t cells per spinal cord section remained signifi- 
cantly smaller (Figure 30). Similarly, expression of the 
mature oligodendrocyte markers MBP and PtP in mu- 
tant spinal cords was also affected. In normal embryos, 
many MBP+/PLP+ oligodendrocytes were seen In the 
ventral spinal cord at E18.5 (Figures 4A and 4Q. How- 
ever, no MBP+/PLP+ cells were detected in Nkx6-'- 
mutants at this stage (Figures 46 and 4D). Together, 
these results suggest that the dorsal-derived Otig+ cells 
NkxS~ / ~ spinal cords can progress along the~o1fgoderF 
drocyte lineage, but they develop and mature much 
more slowly than the earfy-bom ventral OPCs. 
To assess whether dorsal-derived OPCs In Nkx6~'~ 



mutants are capable of differentiating into mature oligo- 
dendrocytes in vitro, we isolated spinal cord explants 
from E13.5 wild-type and mutant embryos and cultured 
them on floating membranes. Following 8 days of cul- 
ture, a small number of MBP+ cells started to emerge 
in mutant tissues (Figures 4E and 4F). Moreover, MBP+ 
fibers, indicators of myelinating axons, were observed 
in the axon-enriched medial (ventral) regions of both 
normal and mutant explants (Figures 4G and 4H). These 
results suggest that the dorsal-derived OPCs in NkxS~ f ~ 
rnutants are capable of differentiating into M8P+ 
mature oligodendrocytes and form myelin sheaths, at 
least in vitro. 

Oftg+ OPCs Are Briefly Produced from the Dorsal 
Neuroepithelial Cells and Transiently Coexpress 
Some Dorsal Neural Progenitor Markers 
To verify the dorsal origin of a subset of Otig+ OPCs In 
both normal and Nkx6' f - spinal cords, sections from 
E1 4.5 embryos were subjected to double Immunostain- 
ing with antibodies against Ofig2 and two dorsal neural 
progenitor markers, Pax7 and Mashl. During neurogen- 
esis and early gliogenesis, Pax7 is expressed in the 
entire dorsal ventricular zone of the spinal coriJ (Goulding 
et al., 1993), whereas Mashl expression in the dorsal 
spinal cord is restricted to the dorsal intemeuron pro- 
genitor domains d!3-d!5 (Gross et at, 2002; Muller et 
al., 2002; Caspary and Anderson, 2003). Double immu- 
nostaining revealed that a subpopuiation of Otig2+ cells 
was closely associated with the Pax7+ and Mashl + 
dorsal neuroepithelial celts in both genotypes (Figures 
5A-5J). Moreover, a small number of migratory Otig2+ 
cells in the dorsal ventricular zone or immediately adja- 
cent regions coexpressed Pax7 and Mashl (arrows In 
Rgures 55-5D and 5F-5H; Insets in Rgures 51 and 5J). 
These colabeling data strongly suggested that some 
OIlg2+ cells arose from the d!3-d!5 domains of dorsal 
neural progenitor cells in both normal and NkxS-'- spinal 
cords and that the dorsal-derived 0//g2+ cells retained 
the expression of dorsal markers Pax7 and Mashl for 
a brief period of time. Although only about 8% of Oftg2+ 
cells were also Pax7+ In E1 4.5 wild-type spinal cord, this 
may be an underestimate of the percentage of dorsal- 
derived OPC population due to the rapid downreguiatfon 
of Pax7 after they migrate away Into the surrounding 
region. Intrigulngly, the total number of Olig2+/Pax7+ 
and OHg2+/Mash1+ cells in Nkx6~'- double mutants 
was sig nrficantly larger than that in normal embryos (Fig- 
ure 5M). One plausible explanation is that the dorsal- 
derived Oiig2+ cells In mutant spinal cords proliferated 
more rapidly, possibly due to the lack of competition 
from the ventral-derived OPCs for mitogens. Alterna- 
tively, expression of Pax7 and Mashl in dorsal-derived 
OPCs may be downregulated more slowly In Nkx6 mu- 
tants. 

To confirm our mapping of the origin of dorsal OPCs, 
we also compared the expression of Oifg2 with that 
of two other neural progenitor genes, Dbx1 and Dbx2. 
Pre vious studies have shown that Dbxl is expressed 
in the torsaNventraf boundary of the embryonic spinal 
cord, whereas Dbx2 Is expressed In the df6 domain of 
the dorsal spinal cord and the pO and pi domains of 
the ventral spinal cord (Briscoe et al., 2000; Caspary 
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Figure 5. O0g+ Cells Originated from Pax7+ and MasM + but Dbx- Dorsal Irrtemeuron Progenitor Domains 

(Ar-H) Coexpresston of Pax7 and Oi!g2 tn the dorsal spinal cord. El 4.5 spinal cord sections from wild-type (A-O) and Aflbte*'- (E-H) embryos 
were simultaneously immunostained with antibodies against QUg2 (In green) and Pax7 (In red). {BHD) and (f=HK) are the higher magnifications 
of the boxed areas In (A) and (E), respectively, in both genotypes, a group of OBg2+ cells were produced from the Pax7+ dorsal ventricular 
zone, and some of the OUg2+ cefls retained the expression of Pax7 (represented by arrows in [BHD] and [FHH]). 

<MJ El 4.5 wBd-4ype and AfetfT'- spinal cord sections were double Immunostained with antf-OSgS and anti-Mash? antSxxfies (I and J), or 
subject to h situ hybridization with Dbx2 ribo probe followed by anti-Ortfe2 irnmunohistochemistry (K and L). The Otig2+/Mash1+ double- 
positive cells are represented in insets in (1) and (J). The dorsal-derived (Mrg2+ cells to (K) and (L) are outlined by a square bracket 
(M) Statistical analyses (Student's t test) of Offg2+/Pax7+ and Olig2+/MasM+ double-positive cells in wild-type and Nfcnr'- mutants 
per section. 



and Anderson, 2003). Double labeling of E14.5 spinal 
cord sections demonstrated that the dorsal 0//g2+ cells 
lay immediately dorsal to Dbx2 expression (Figures 5K 
and 5L) but well above Dbx1 expression (data not 
shown), indicating that the dorsal Olig2+ cells were de- 
rived from regions above the dl6 domain. This result is 
consistent with the idea that dorsal Olig2+ cells are 
primarily derived from the Mash1+ dl3-d!5 dorsal 
Intemeuron progenitor cells, 

To further confirm that the dorsal spinal cord has an 
Independent potential to generate OPCs, we dissected 
the dorsal and ventral halves of spinal cord from E11.5 
mouse embryos and enured them separately in coITa^ 
gon gel or on floating membranes in the absence of 
exogenous bFGF. which is known to induce OUg2 ex- 



pression in cultured dorsal neural progenitor cells (Ga- 
bay et al. T 2003; Chandran et al. f 2003). In E11.5 mouse 
spinal cord, OPCs were not produced from the pMN 
domain yet (Figures 6A and 6B), excluding the possibility 
of dorsal invasion of ventral OPCs. Following 3 days of 
In vitro culture (equivalent to E14<5), a small number of 
0tig2+ cells started to emerge from the dorsal explants 
and coexpressed Pax7 (Figure 6C). Expression of later 
OPC markers PDGFRa. and NG2 in dorsal explants was 
seen after 4-6 days of culture, and that of mature mark- 
ers GalC and MBP was seen after 6-8 days of culture 
in vitro (Figure s 6E-6LJ. Together, these data indicated 
"that the~clorsal spinal cord explants have an intrinsic 
potential to produce OPCs, and the schedule of OPC 
generation and differentiation in dorsal explant culture 
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FigureB. Generation of Oflgodendrocytes from 
Dorsal Spinal Cord Exptarrt Culture 

Mouse El 1.5 spinal cord tissues Isolated 
from the thoracic level were bisected Into 
dorsal and ventral halves and cuRured sepa- 
rately I n collagen gel (A^J) or on floating mem- 
brane (K and L) for various days in vitro (DIV) 
as indicated- Explants were then subject to 
tmmunofluorescent staining with antibodies 
or In situ hybridization with MBP. 
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is similar to that in vivo. In agreement with previous 
findings (Gabay et al. f 2003; Chandran et aU 2003), addi- 
tion of exogenous bFGF dramatically increased the 
number of Olfg2+ OPCs in both dorsal and ventral ex- 
plants (data not shown). 

Generation of Dorsal OPCs in the Absence 
of Shh Signaling 

The generation of OPCs In the dorsal spinal cord sug- 
gests a San-independent pathway for oligodendrogen- 
esis, since cell fate specification in the dorsal spinal 
cord is primarily regulated by dorsal midline signals, 
notably BMPs (Dickinson et al. f 1 995; liem et al., 1 995). 
To test the possibility, we examined whether OPCs* pro- 
duction from dorsal explants can be blocked by antj- 
Shh antibody, in contrast to the previous finding that 
Shh was partially required for 04 expression In dorsal 
explants (Sussman et al., 2000), we found that anti-Snn 
antibody had no apparent effect on OZ/g2 gene expres- 
sion in dorsal explants, although it dramaticalry inhibited 
Otfg2 expression in the ventral explants (Figures 7A-7D). 
To provide genetic evidence that oifgodendrogenesfs 
can occur Independent of hedgehog signaling, we differ- 
entiated ES (embryonic stem) cells deficient in pan- 
-hedgehog si gnali n g component Smoothened [Smo-*-; — 
Wijgerde et al., 2002} in the presence of retinoid acid 
and found that GalC+ oligodendrocytes were formed 



from both normal and Smo f ~ mutant ES cells at a com- 
parable efficiency (Figures 7E and 7F). 

We next examined oligodendrocyte development in 
Shh~'~ mutant spinal cord to confirm that Shh signaling 
is not responsible for dorsal oligodendrogenesis in vivo. 
In Shh'*- mutants, the spinal cord is dorsallzed, and 
most of the ventral structures including the pMN do- 
mains are missing (Chiang et al., 1996; Pierani et al, 
1 999). Consistent with some earlier findings that Shh is 
required for ventral oligodendrogenesis (Lu et al., 2000; 
Alberta et al., 2001), no early Otfgf/2+ OPCs were prr> 
duced in Shh mutant spinal cords at or before El 3.5 
(Figures 8A and 8B; data not shown). However, at E14.5, 
a small number of Oltgl + and 0//g£+ ceils started to 
appear in the dorsal region of the mutant spinal cords 
(Figures 8D and 8F). By E18.5, a larger number o10tig2+ 
ceils were observed throughout the mutant spinal cord 
(Figure 8H). 

Similar to our data in Nkx6-'~ mutants, oligodendro- 
cyte lineage progression in Shh null spinal cord was 
also delayed. Expression olPDGFR and SoxlO was not 
detected until E1 8.5 (Figures 81-810, and no MBP expres- 
sion was observed at perinatal stages (Figures 8M and 
_SN). However, wh en spinal cord explants isolated from 
ET8;5 mutant embryos were cultured in vitro for 2 addi- 
tional days, a small number of cells started to 
emerge in mutant tissues (Figures 80 and 8P), Indicating 
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Figure 7. SftfMndependent Generation of OBgodendrocytes in Spinal Exploits and ES Cefla 

(A-O) Inhibition of OUg gene expression toy ano\SW> antibody in ventrat exptants but not in dorsal explants. Dorsal and ventral spinal cord 
explants from E11.5 wild-typo embryos were cultured in coBagen gel for 3 days in the absence (A and B) or presence (C and D) of anti-SnA 
antibody prior to Emrnunostaining with anti~Oftg2. 

(E and F) Differentiation of wild-type (E) and $mo~*~ (F) ES cess Into GaJC+ ofigodendrocytes. 



that the dorsal-derived OPCs In Shh mutants are able 
to differentiate into MBP+ mature oligodendrocytes 
as well. 

Discussion 

This study reveals an Nkx6- and Srin-independent mech- 
anism for a late phase of Ofig gene expression in the 
dorsal spinal cord after the onset of early oligodendro- 
genesls from the pMN domain (Figure 9). The late Ofig 
gene expression is associated with a brief wave of oflgo- 
dertdrogenesis in the dorsal spinal cord. These findings 
provide evidence for multiple origins of OPC generation 
involving distinct inductive signals during spinal cord 
development" 

fWorG-lrKfependent Mechanisms for Offg Gene 
Expression and Ollgodendrogenesis 
in the Spinal Cord 

Previous work had demonstrated that NkxS.1 and 
NkxB.2 have redundant functions in controlling motor 
neuron specification in the spinal cord (VaUstedt et al., 
2001). Consistent with this line of study, our findings 
indicate that Nkx6.1 and NkxS.2 have redundant activi- 
ties in regulating the early expression of Ofig2 In the 
pMN domain, with Nkx& 1 exerting a larger effect than 
Nkx&2 (Figure 1). In the absence of both NkxS.1 and 
Nkx6.2, the initial expression of Of/g2 in the pMN domain 
is completely abolished. In keeping with the idea that 
early progenitors of the oligodendrocyte lineage are de- 
rived from the 0f/g2+ pMN domain of the ventral spinal 
cord, the loss of OIig2 expression in the pMN domain 

in A/lfyfT" / ~ m utante waft g ftftrwfatawl wH4i tfia faihitn *-A 

production of early OPC cells from the ventral spinal 
cord (Figure 2). 
Despite the lack of early expression of Otig2 in the 



pMN domain in Nkx6~'- mutants, a low level of Otigl 
and OUg2 expression started to be detected in both the 
ventral and dorsal ventricular zone after the onset of 
oligodendrogenesls (Figure 2). In the dorsal spinal cord, 
Offg gene expression was detected in Pax7+/Mash1+ 
dl3-d!5 dorsal neural progenitor domains starting at 
E13.5 (Figures 2 and 5). In the ventral spinal cord, a 
small number of ventral ventricular cells started to ex- 
press Oligl and Oiig2 genes at approximately the same 
position as the pMN domain (Figures 2B and 2D). To- 
gether, these results indicate an A/Axti-independent reg- 
ulation of Offg gene expression in both the dorseJ and 
ventral spinal cord. The late phase of Otig gene expres- 
sion in the dorsal spinal neuro epithelium was also ob- 
served in wild-type spinal cord, mostly at E14.5 (Figures 
5 and 8) but occasionally at E13.5 (data not shown). 
Thus, the dorsal ventricular Ofig2 expression appeared 
to be slightly advanced or enhanced in Nkx6 mutants. 
This enhancement might partially account for the in- 
creased population of OUg2+/Pax7+ cells in the mu- 
tants. Interestingly, no Ofig expression was observed 
in E13.S Shh mutants (Figure 8), suggesting that the 
premature or enhanced dorsal ventricular Ofig expres- 
sion was not simply due to the loss of ventral patterning, 
but more specifically associated with the absence of 
Nkx6 gene expression. 

The dorsal Ofig gene expression was associated with 
a transient production of OPCs starting at around E1 4.5, 
about 2 days later than the ventrat oligodendrogenesls 
from the pMN domain (Figure 9B). In both wild-type and 
Afford'- spinal cords, migratory Ofig 1/2+ OPCs were 
briefly produced from the dorsal neural progenitor cells. 
Several Knes^ of evidence strong fy^suggesVtftat these 
OPC cells are generated de novo from the dorsal ventric- 
ular cells, instead of having migrated up from the ventral 
cord. First, many dorsal Ofig2+ cells coexpressed sev- 
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Figure 8. Oligodendrocyte Development in Shh Mutant Spinal Cord 

frVH) Dorsal generation of OUg1/2+ OPC cells in Shh mutant spinal cords. Spinal cord sections from El 3.5 (A and B), El 4.5 (C-F), and E1&5 
(G and H) wild-type (A, C, E, and G) or Shh^~ (B, D, F, and H) embryos were subjected to in sttu hybridization (ISH) with OUg1 (A-D) and 0£g2 
(E~H) riboprobes. At El 3.5, Otfg+ OPCs were generated from the ventral neuroepftheUum In wild-type embryos but not in Shh mutants. At 
El 4.5, a small group of OBg1+ and Q1tg2+ ceBs were associated with the dorsal neuroepithellum In both wild-type and Shh mutants. Dorsal 
Olig+ cells are outfkied by a square bracket in (Q and (E). 

0-N) Distribution and differentiation of OPC cells In SWi mutant spinal cords. 0-N) Expression QlPDGFRa 0 and J), Sour 70 (K and U, and MSP 
(M and N) In E18.5 wild-type 0, K, and M) and Shh mutant (J, L, and N) spinal cords. Otig2+/PDGFFa+ and 0fJg2+/Sax10+ cells ii mutants 
are represented In Insets (J 7 and (L% respectively. 

(O and P) Spinal cord tissues from E1B-5 wHd-type and Shh mutant embryos were Isolated and cultured on polycarbonate membranes for 2 
days in vitro and then subjected to whole-mount ISH with the MBP probe. A small number of MBP+ cells emerged in the mutant tissue. 



eral dorsal neural progenitor genes such as Pax7 and 
Mas/? 7 (Figure 5). Second, dorsal neural explants iso- 
lated from E1 1 .5 spinal cord prior to ventral oligodendro- 
genesls can give rise to OPCs and oligodendrocytes 
on schedule as in vivo (Figure 6). Third, dorsal Offg2 
expression In Nkx6 mutants was no later than Hs ventral 
expression. At El 3.5 and E14.5, there was an apparent 
discontinuity of dorsal 0fig2+ cells and ventral QHg2+ 
cells in the mutants (Figures 2B, 2D, 5E, and 5J), and 
the number of Oilg2+ cells in E14.5 dorsal half far ex- 
ceeded that of ventral Ofig2+ cells, arguing against the 
dorsal migration of Olig2+ cells at least at these ear^ 
stages. However, it is plausible that some ventral Oiig2+ 
cells could migrate dorsaJfy after E14.5 and contribute 
to the dorsal OPC population. Finally, OPCs can be 
-produced from tr^dcH^af reglc^^f S/j/i rmrtamspinaf 
cord, which lacks the pMN domain (Pierani et at, 1999) 
and presumably the ventral oligodendrogenesis (Figure 
8), although we can not absolutely exclude the possibil- 



ity that a few 0/ig-f cells could also be generated from 
the remaining pO and p1 domains in the most ventral 
region (Reran! et al., 1999). Together, these observa- 
tions indicate that dorsal Oiig2+ cells can be produced 
locally from the dorsal neuroepithelial cells in normal 
and Nkx&Shh mutant spinal cords. Since the dorsal 
Ofig2 +/Pax7+/Mash + OPCs were observed in the tho- 
racic or even more caudal regions (data not shown), it Is 
unlikely that they represent the longitudinally migrating 
cells from the rostral hindbrain. 

Similar to the early ventral OPCs, the dorsal-derived 
Oflg+ OPCs are capable of migration, proliferation, and 
differentiation along the oligodendrocyte lineage after 
they migrate out of the germinal zone. The delayed ap- 
pearance of PDGFRa + and5ox70+ OPCsinthe/Vfctf-'- 
and S/i/r^ mvtarrts ^ 

OPCs develop and differentiate much later than the 
early-bom ventral oligodendrocytes. Although no MBP 
and PLP expression was observed in both mutants at 



-- - ml: 
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Figure 9. Proposed Origins and Molecular 
Specification of Oligodendrocytes in the Spi- 
nal Cord 

(A) Proposed oligodendrocyte development 
In AflDt6 _/_ and Shh '~ mutant spina! cords. In 
the wfld-type, a vast majority of OPCs are 
derived from the ventral pMN domain. A sub- 
population of OPCs is also generated from 
the dorsal d!3-dl5 domains Independent of 
Aftx6 and Shh activities. The arrows represent 
the possible migration directions. 

(B) Time schedule of lineage progression for 
both dorsal- and ventral-derived OPCs. The 
generation of dorsal OPCs Is about 2 days 
later than that of ventral OPCs. In general, 
there is a parallel delay in dorsal OPC genera- 
tion and their differentiation. 

(C) Proposed molecular pathways for dorsal 
and ventral oligodendrogenesis. Shh and 
BMPo are known to be the major hducer and 
repressor of oQgodendrogenesJs, respectively. 
In the ventral spinal cord, OPCs are gener- 
ated in a Shh/NkxG-depcndent mechanism. 
Repression of BMP signaling by the noto- 
chord-derlved Noggin may also contribute to 
ventral oligodendrogenesis. m the dorsal spi- 
nal cord, OPCs are generated independent 
ofiheShh/NkxS pathway and may result from 
a combination of FGFs and progressive loss 
of BMP Inhibition over time. 



E18-5, OPCs in both mutants could mature into MBP+ 
oligodendrocytes (Figures 4F and BP) or even myelinate 
axons (Figure 4H) if they were allowed to develop further 
in vitro. Consistently, OPCs generated In the dorsal ex- 
plants of normal embryos could also differentiate into 
mature oligodendrocytes (Figure 6). In general, there 
appears to be a parallel delay of OPC generation and 
their terminal differentiation as observed in other genetic 
mutants (Ql et ah, 2003; Liu et al„ 2003). 

A Sn/i-lndependent Pathway 

for Oligodondrogonesis 

in the Developing Spinal Cord 

Early studies demonstrated that blockade of Shh signal- 
ing can Inhibit oligodendrogenesis both in vivo and 
in vitro (Orentas et al., 1999; Davles and Miller, 2001; 
Tekki-Kessaris et al., 2001). Thus, it has been believed 
that Shh signaling is required for the development of 
oligodendrocytes in the entire CNS. However, the obser- 
vations that OPCs can be produced from dorsal spinal 
cord explants In the presence of anti-Snfi antibody (Fig- 
ure 7) or from dissociated dorsal neural progenitor cells 
in the presence of bFGF and cyclopamine (Chandran et 
al., 2003; Kessaris et al., 2004) have suggested a Shh- 
independent pathway for oligodendrogenesis. However, 
the efficiency and specificity of the antibody and cyclo- 
pamine inhibition could potentially read to alternative 
explanations. Our observation that GalC+ oligodendro- 
cytes can develop from Smo*' - mutant ES ceils provides 
unambiguous genetic evidence that oligodendrogen- 
esis can occur in the absence of hedgehog signaling 

(Figure-7), at least in vitro: 

Despite the in vitro data for Sfxft-independent oligoden- 
drogenesis, there has been no evidence that this phe- 
nomenon can be applied to In vivo development. Our 



findings that OPCs are generated from Shh 1 - spinal 
cord provide the missing fink that Sh/r- independent oli- 
godendrogenesis also occurs during spinal cord devel- 
opment as well. In the absence of Shh signaling, 
Ofsg1/2+ OPCs were still generated on schedule (at 
El 4.5) as in the wild-type dorsal spinal cord. Although 
we can not formally exclude the possibility that the 
hedgehog signaling in Shh '~ mutants could be compen- 
sated by the upregutation of expression of other hedge- 
hog members such as Indian hedgehog (fhh) or Desert 
hedgehog iPhh), we do not favor this possibility, as 
we failed to detect by in situ hybridization (ISH) the 
expression of fhh or Dhh in either wild-type or Shh mu- 
tant spinal cords around the onset of dorsal oligoden- 
drogenesis (data not shown). 

The signaling mechanism underlying the Sn/Hnde- 
pendent late phase of dorsal oligodendrogenesis in the 
spinal cord is uncertain at this stage* Since bFGF can 
induce oligodendrocytes in dissociated dorsal neural 
progenitor cells (Gabay et al., 2003) independent of Shh 
signaling (Chandran et al., 2003; Kessaris et al., 2004) 
and in dorsal explants (our unpublished data), it is con- 
ceivable that FGF signaling may be partially responsible 
for the late production of OPCs in the dorsal spinal cord 
(Figure 9C). In addition, the progressive reduction of 
BMP signaling over time may also contribute to dorsal 
oligodendrogenesis. It is known that BMP can antago- 
nize SnA-induced oligodendrocyte specification, and 
experimental inhibition of BMP signaling is sufficient 
to induce oligodendrocyte production both in vivo and 
in vitro (MekJd-Dauriac et al., 2002; Miller et al., 2004; 
Vallste dt et al., 2005 [this is sue of Neuron)). Future stud- 
ieson tne expression and function of various FGF and 
BMP molecules and their receptors will be needed to 
determine their possible in vivo roles in the late phase of 
oligodendrogenesis in the dorsal neural progenitor ceils. 
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Multiple Origins and Phases of Oligodendrogenesis 
in the Developing Spinal Cord 

It Is generally accepted that early OPCs are induced from 
the pMN do mam of ventral spinal cord by the Shh signal 
(Poncet et aL, 1996; Prlngte et ah, 1996; Orentas et aL, 
1999) and that oligodendrocyte development is coupled 
to motor neuron development (Richardson et aL, 2000; Lu 
et al. f 2002; Zhou and Anderson, 2002). However, our data 
in Nkx6~'- and Shh' J ~ mutants and in wild-type embryos 
as well have provided strong evidence that a subset of 
OPCs originate from the dorsal spinal cord independent 
of motor neuron development at later stages of oligoden- 
drogenesis. Therefore, there are multiple origins of, and 
distinct inductive mechanisms for, OPC production in the 
developing mammalian spinal cord. Based on these ob- 
servations, we propose that there are two phases of Ofig 
gene expression during normal spinal cord development, 
the Src/i/Atfoc6-dependent early phase of Otfg expression 
and ofigpdendrogenesis in the pMN domain and the Shh/ 
AfcftS-tndependent late phase of Otig expression and oli- 
godendrogenesis in the dorsal spinal cord (Figures 9A 
and 9B). 

The dorsal oligodendrogenesis In mouse spinal cord 
has long been unnoticed, because the production of 
OPC cells from the dorsal spinal cord is both late and 
transient (at around E14.6) as compared to the early 
OPC production (E1 2.5) from the ventral spinal cord. By 
the time OPCs are being generated from the dorsal spi- 
nal cord, a large number of ventral-derived OPCs have 
already invaded Into the dorsal spinal cord and thus 
mask the existence of the late-bom dorsal OPCs. Only 
in mutants (e.g., Nkx6~'- and Shh'*') In which the ventral 
oligodendrogenesis from the pMN domain is inhibited 
or greatly compromised can the dorsal generation of 
OPCs be uncovered. 

Experimental Procedures 
Genotyping of NtocG Mutant Mica 

The Nfcx&f and Nte&2 homozygous null embryos were obtained 
by the interbreeding of double heterozygous animate. Genomic DMA 
extracted from embryonic tissues or mouse taSs was used for geno- 
typlng by Southern analysis or by PGR. Genotyping of Nfcr&f and 
Nkx&2 loci was described fn Sander et at. (2000) and CaJ et at 
(2001), respectively. Genotyping of Stth mutant mice was carried 
out according to Chiang etal. (1996). 

m Situ RNA Hybridization 

Spinal cord tissues at the thoracic level were isolated from El 0.5 
to El as mouse embryos and then fixed in 4% paraformaldehyde 
at 4°C ovemtghL Following fixation, tissues were transferred to 20% 
sucrose In PBS overnight, embedded in OCT media, and then sec- 
tiorted (20 *Lm thickness) on a cryostaL Adjacent sections from the 
wild-type and mutant embryos were subsequently subjected to ISH 
or fanmunofluorescent staining. ISH was performed as described k\ 
Schaeren-Wlemors and Gerftn-Moser (1933) with minor modifica- 
tions, and the detaned protocol Is available upon request Double 
inrimunoftuorescent procedures were previously described in Xu et 
aJ. (2000). For the combination of ISH and immunohlstochemlstry, 
sections wore first subject to ISH with Dbx2 riboprobe, rinsed several 
times with PBS followed by immunohistocrtemical staining with anti- 
_C**a*^nfi^7{1j60J>^^ 



antf-PDGfi*a (1:300), anti-AIBP (1 :5000), and antJ-GalC (1:50) were 
obtained from commercial sources. Arti-Otjg2 (1:3000) and anti- 
SoxlO (13000) polyclonal antibodies were generously provided by 
Drs. Chuck St flee and Michael Wagner. 



Spinal Cord Explant Culture 

Segments of spinal cord tissues were Isolated from E11.5, El 3.5, 
or El 8.5 embryos at the thoracic region and grown either in coUagen 
gel or on 8.0 pm nudeopore polycarbonate membranes (Costar) 
floating on culture medium (DM EM + H2 supplement + 30 ng/ml 
T3 + 40 ng/ml T4 + 1 mg/ml BSA + 0.5% FBS + Pen-Strep), fn our 
experience, the Inclu sion of a small amount of FBS In culture medium 
made cells healthier and did not appear to significantly affect oligo- 
dendrocyte development in explant culture as compared to no se- 
rum (data not shown), although serum was shown to ktfifeit OPC 
differentiation (Raff et al., 1983). For anti-S/in antibody treatment. 
5E1 supernatant (1:3 DSHB) was added to culture medium. Follow- 
ing various days of culture in vitro, explants were then fixed ki 4% 
PFA and processed for imnTunofluorescent staining (Xu et aL, 2000) 
or whole-mount in situ RNA hybridization with MBP riboprobe, as 
described in Cai et al. 0999). 

Culture and Differentiation of Embryonic Stem Ceils 
Normal and Smo^ ES cells were maintained on MEF feeder ceDs 
in ES medium with UF. During differentiation, ES cells were dissoci- 
ated and grown on nonadherent petri dishes for 2 days in the ab- 
sence of UF and 4 additional days in 5 n.M retlnoic acid to generate 
embryoid bodies (EB). Following 10 days of suspension culture, 
EBs were trypsin bed with trypsin/EDTA, and cells were plated on 
lamktm-coated cover slips and cultured fori 5 days prior to ■nmuno- 
nuorescertt staining with antJ-GalC antibody. 

Acknowledgments 

We are grateful to Dr. Andy McMahon for Smo mutant ES cells; Dr. 
Phflip Beachy for Snr> mutant mice; Drs, Chuck StHes and John 
Alberta for arrti-Q%2 antibody; and Dr. Michael Wegner for enti- 
ScxW antibody. We also thank Drs. BUI Richardson, Chuck St flea, 
and David Anderson for providing cDNA probes; and Dr. Johan 
Erfcson for communicating data prior to publication. This work is 
supported by the National Multiple Sclerosis Society (RG 3275 for 
M.Q. and FA1400-A-1 for J.C.) and by N1H (NS3771 7). 

Received: July 16, 2004 
Revised: October 7, 2004 
Accepted: November 16, 2004 
Publshed: January 5, 2005 

References 

Alberta, J., Park, S.-K., Mora, J., Yuk, D., Pawlitzky, I., lannarelll. P., 
Vartanian, T., Stales, C, and Rowttch, D. (2001). Sonic hedgehog is 
requfred during an early phase of oligodendrocyte development in 
mammalian braJn. Mol. CeO. Neuroscl. 78, 434-441. 
Briscoe, J-, Plerani, A., Jessel. T., and Ertcson, J. (2000). A homeo- 
domain protein code specifies progenitor cell identity and neuronal 
fate In the ventral neural tube. Ceil 101, 435-445. 
Cei, J., St Amand, T„ Yin, H„ Quo, H., U, Q., Zhang, Y., Chen, Y., 
and Qhi, M. (1999). Expression and regulation of the chicken Nkx- 
&2 homeobox gene suggest its possible irrvorvernent in the ventral 
neural patterning and cell fate specrflcation. Dev. Dyn. 216, 459-468. 
Cal, J- Qi, Y., Wu, a, Modderrnan, G. p Fu, H., Uu, R., and Qiu, M. 
(2001). Mice lacking the Nkx6.2 (Qtx) horneodomaln transcription 
factor develop and reproduce normally. MoL Cell. BJoL 21, 4399- 
4403. 

Cameron-Curry, P., and Le Douarin, N.M. (1995). Ofeodendrocyte 
precursors originate from both the dorsal and ventral parts of the 
spinal cord. Neuron 75, 1299-1310. 

Caspary, T.. and Anderson, K. (2003). Patterning cell types k\ the 
dorsal spinal cord: what the mouse mutants say. Nat. Rev. NeuroscL 
4, 289-297. 

Chandran, S, Kato, R, Gerreli, O., Compston, A^ Svendsen, C. and 

_JMI^.N.J2a0^fIGf!=depend^ 

a hedgehog-independent pathway. Development 130, 6599-6609. 
Chiang, C, Utmgtung, Y„ Lee, E^ Young, K., Cordon, J., WestphaJ, 
H., and Beachy, P.A. (1996). Cyclopia and defective axial patterning 
In mice lacldng sonic hedgehog gene function. Nature 383, 228-231 . 



APR 14 2005 11:23 FR CISTI ICIST 613 952 9303 TO 17188899320 P. 14/15 



Neuron 
52 



Davles, J.E., and Miller, R.H. (2001 ). Local sonic hedgehog signaling 
regulates oligodendrocyte precursor appearance In multiple ventric- 
ular zone domains in the chick metencephalon. Dev. BioL 233, 
513-425. 

Dickinson, M„ Selieck, M., McMahon, A., and Bronner-Fraser, M. 
(1 995). Derealization of the neural tube by the non-neural ectoderm. 
Development 727, 2099-2106. 

Fu, H., CH, Y., Tan, M., Cai, J., Hirohide, T., Nakafuku, M., Richardson, 
W., and Qiu, M. (2002). Dual origin of spinal oligodendrocyte progeni- 
tors and evidence for the cooperative role of QIIg2 and Nkx2£ in 
the control of oligodendrocyte differentiation. Development 729, 
681-693. 

Gabay, L., LoweB, S., Rubin, U, and Anderson, D. (2003). Deregula- 
tion of dorsoventraJ patterning by FGF confers trillneage differentia- 
tion capacity on CNS stem cells in vitro. Neuron 40, 485-499. 

Goulding, M.D., Lumsder, A., and Gross, P. (1993). Signals from the 
notochord and floor ptateregutate the region-specific expression of 
two Pax genes in the developing spinal cord. Development 117 t 
1001-1016. 

Gregorl, N., Proschel, C., Noble, M., and Mayer-Proschel, M (2002). 
The tripotentfal gBai-restricted precursor (GRP) cell and gflai devef- 
opmerrt in the spinal cord: generation of bipotenuaf oSgodendro- 
cyte-type-2 astrocyte progenitor cells and dorsal-ventral differences 
in GRP ceD function. J. NeuroscL 22, 248-256. 

Gross, M., Oottort, M., and Goulding, M. (2002). Lbxl specifies so- 
matosensory association ihterneurons in the dorsal spinal cord. 
Neuron 34, 535-549- 

Jessell, TJM. (2000). Neuronal specification In the spinal cord: Induc- 
tive signals and transcriptional codes. Nat. Rev. Genet 1, 20-29. 
Kessaris, N., Jam en, F., Rubin, l_, and Richardson, W. (2004). Coop- 
eration between sonic hedgehog and fibroblast growth factor/MAPK 
signaling pathways in neocortEcaf precursors. Development 737, 
1289-1298. 

Uem, It, Tremml, G.. Rcelink. H., and Jessett, T. 0995). Dorsal 
differentiation of neural plate cells induced by BMP-mediated sig- 
nals from the epidermal ectoderm. Cell 82, 969-979. 
Uu, R, Cai, J., Hu, X, Tan, M. f Qi, Y., German, M„ Rubensteti, J„ 
Sander, ftt, and Qiu, M. (2003). Region-specific and stage-depen- 
dent regulation of OBg gene expression and oBgodendrogenesIs by 
Nkx6.1 homeodomain transcription factor. Development 130, 6221- 
6231. 

Lu, Q., Yuk, D. v Alberta, J., Zhum, Z., Pawtitsky, L, Chan, J., McMa- 
hon, A., Stiles, C, and Rowiteh, D. (2000). Sonic Hedgehog-regu- 
lated oligodendrocyte lineage genes encoding bHLH proteins in the 
mammalian central nervous system. Neuron 25, 317-329. 
Lu. Q., Sun, T., Zhu, Z., Ma, hL, Garcia, M. t Stiles, C, and Rowiteh, 
D. (2002). Common developmental requirement for OGg function 
indicates a motor neuron/olkjodendrocyte connection. Cef 109, 
75-86. 

Mekkl-Dauriac S., Aghis, E., Kan. P., and Cochard. P. (2002). Bone 
morpho genetic proteins negatively control oSgodendrocyte precur- 
sor specification In the chick spinal cord. Development 729, 5117- 
5130. 

Miller, R.H. (2002). Regulation of oligodendrocyte development In 
the vertebrate CNS. Prog. Neurobiof. 67, 451-467. 
Miter, R.H., Dinslo, KJ., Wang, R.-Z., Geertman, R., Maier, C.E., 
and Hall, AK. (2004). Patterning of spinal cord ofigodendrocyte de- 
velopment by dorsaBy derived BMP4. J. Neuroscl. Res. 76, 9-19. 
Mlzuguchi, a, Sugimori, M. # TakebayashJ, H. f Kosako, H„ Nagao, 
M., Yoshkta, Nabeshima, Y. t Shirnarnura, K., and Nakafuku, M. 
(2001). Combinatorial roles of oHq2 and newogenfrt In the coordi- 
nated induction of part-neuronal and subtype-specific properties of 
motoneurons. Neuron 37, 757-771. 

Muller, T., Brohmann, R, Pleranl, A., HeppenstaH, P.A., Lewln, G.R, 
Jessell, T;M~and BtrchmeJer, CT{2002): The homeodomain factor 
Uwi distinguishes two major programs of neuronal differentiation 
in the dorsal spinal cord. Neuron 34, 551-662. 
Novttch, B.. Chen. A., and Jessell. T. (2001). Coordinate regulation 



of motor neuron subtype identity and pan -neuronal properties by 
the bHLH repressor Oligi. Neuron 37, 773-789. 
Orentas, D., Hayes, J., Dyer, IC, and Miller, R. (1 999). Sonic hedgehog 
signaling is required during the appearance of spinal cord oligoden- 
drocyte precursors. Development 726, 241 9-2429. 
fterani, A., Brenner-Morton, SL, Chiang, C., and Jesse (L Til (1 999). 
A sonic hedg^hog-Mependent, retsioid-activated pathway of neu- 
rogenesis In the ventral spinal cord. Cell 97, 903-915. 
Poncet, C, Soula, C, Trousse, F-, Kan, P., Hlrsinger, E., Pourquie, 
O., Duprat, A^ and Cochard, P. (1996). induction of oligodendrocyte 
progenitors in the trunk neural tube by ventraflzmg signals: effects 
of notochord and Moor plate grafts, and of sonic hedgehog. Mech. 
Dev. $0, 13-32. 

Pringle, N.P- Mudhar, rLS„ Codarinl, E.J., and Richardson, W.D. 
(1992). PDGF receptors In the rat CNS: during late neurogenesis, 
PDGF alpha-receptor expression appears to be restricted to gBal 
ceBs of the oligodendrocyte lineage. Development 775, 535-551 . 
Pringle, N-, Yu, W„ Guthrie, S., Roeflnk, H., Lumsden, A., Peterson, 
A., and Richardson, W. 0996). Determination of neuroepithelial cell 
fate: induction of the oligodendrocyte lineage by ventral midline 
cells and sonic hedgehog. Dev. Biol 777, 30-42. 
Pringle, N.P., Guthrie, S. f Lumsden, A., and Richardson, W.D. (1998). 
Dorsal spinal cord neuroepithelium generates astrocytes but not 
oligodendrocytes. Neuron 20, 883-893. 

OJ, Y-, Tan, M. t Hui, C.-C., and Qiu, M. (2003). QS2 activity is required 
tor normal Shh signaling and oligodendrocyte development Mol. 
CetL NeuroscL 23, 440-450. 

Qiu, M„ Shirnarnura, rC, Sussei, U, Chen, S., and Rubensteoi, J. 
(1 998). Control of anteroposterior and dorso ventral domains of Aflbr- 
€L 1 gene expression relative to other Affbr genes during vertebrate 
CNS development. Mech. Dev. 72, 77-88. 

Raff, MjC., MHIer, R.H_ and Noble, M. (1983). A glial progenitor 
ceil that develops in vitro into an astrocyte or an oligodendrocyte 
depending on culture medium. Nature 303, 390-396. 
Rao, M£., Noble, M„ and Mayer-Proschel, M. (1998). A tripotenhal 
glial precursor cell Is present in the developing spinal cord. Proc 
NaU Acad. Sci. USA 95, 3996-4001 . 

Richardson, W„ Pringle, N.. Yu, W., and Han, A. (1997). Origins of 
spinal cord oligodendrocytes: possible developmental and evolu- 
tionary relationships with motor neurons. Dev. Neuroscl 79, 56-68. 
Richardson, W.D., Smith, RIC, Sun, T., Pringle, N.P., Hall, A., and 
Woodruff, R (2000). Ofigodendrocyte lineage and the motor neuron 
connection. Glia 29, 136-142. 

Sander, M„ Paydar, S. f Ericson, J., Brisco, J., German, M., Jessell, 
T-, and Rubenstein, J. (2000). Ventral neural patterning by Nkx ho- 
meobox genes: Aftxtilf controls somatic motor neuron and ventral 
intemeuron fates. Genes Dev. 74, 2134-2139. 
S^haeren-Wiemers, N^ and Gerfin-Moser, A. (1 993). A stogie proto- 
col to detect transcripts of various types and expression levels in 
neural tissue and cultured cells: in situ hybridization using digoxi- 
genin-labeted cRNA probes. Histochemistry 700, 431-440. 
Spassky, N., Ofivter, C, Perez-Vlllegaa, E., Goujet-Zalc, C, Martinez, 
S., Thomas, Jn and ZaJo, B. (2000). Single or multiple otigodendro- 
gital lineages: a controversy. Glia 29, 143-148. 
Stiles, CD. (2003). Lost hi space: misregulated positional cues cre- 
ate tripotent neural progenitors in ceil culture. Neuron 40, 447-449. 
Stall, C.C., Rehberg, &, Ader, M M Lommes. P., Rkrtrwnacher, D„ 
Schachner, M., Bartsch, U., and Wegner, M. (2002). Termwial differ- 
entJatton of myeCn-formlng oligodendrocytes depends on the tran- 
scription factor SoxlO. Genes Dev. 76, 166-170. 
Sun, T„ Pringle, N., Hardy, A^ Richardson, W., and Smith, H. (1 998). 
Pax-6 tnfiuences the time and site of origin of gBal precursors in the 
ventral neural tube. Mo I. Cell. NeuroscL 72, 228-239. 
Sussman, C.a, Dyer, K.U, Marchionnl, M„ and MiBer, R.H. (2000). 

Local control of oKg^endrocyte devetepment tn_moteted_dQf^al 

mouse spkial cord. J. NeuroscL Res. 59, 413-420. 
Takebayashi. H., Yoshlda. &, Sugimori, HL, Kosako, H.. KbminamI, 
R„ Nakafuku, M., and Nabeshima, Y. (2000). Dynamic expression 
of basic heibc-toop-helbc dig family members: bnpifcation of OHg2 



11:24 FR CISTI ICIST 613 952 9303 TO 17188899320 P. 15/15 



Dorsal OlJgodendrogeneste in h*toc6 and Shh Mutants 
53 



In neuron and oligodendrocyte differentiation and identification of 
a new member, O!to3. Mech. Dev. 99, 143-146. 
Takebayashl, H., Nabeshima, Y-, Yoshtda, S., Chtsaka, O., Ikenaka, 
IC, end Nabeshima. Y. (2002). The basic hettx-Ioop-helix factor o»g2 
Is essential for the development of motoneuron and oligodendrocyte 
Unaages. Curr. BktL 72. 1107-1163. 

TeWd-Kessaris, N„ Woodruff, R., Halt, A., Gaffield, W., Kimura, S„ 
Stiles, C, Rowttch, D., and Richardson, W.D. (2001). Hedgehog- 
dependent oligodendrocyte lineage specification In the telencepha- 
lon. Development 729, 2545-2554. 

Vallstedt, A., Muhr, J. f Pattyn, A., Pteranl, Mendelsohn, M., 
Sander, M., Jessed, T„ and Ericson, J. (2001). Different levels of 
repressor activity assign redundant and specific roles to Nkx6 genes 
in motor neuron and intemeuron specification. Neuron 37, 743-755. 
Vallstedt, A., Ktos, J.M„ and Ericson, J. (2005). Multiple dorsoventral 
origins of oUgodenoVocyte generation in the spinal cord and hlnd- 
braln. Neuron 45, this Issue, 56-67. 

Wijgerde, M., McMahon, J.A., Rule, M. ( and McMahon, AJ>. (2002). 
A direct requirement for Hedgehog slgnaltog for normal specification 
of all ventral progenitor domains hi the presumptive mammaJlan 
spinal cord. Genes Dev. 76, 284M884. 

Xu, X., Cai, J., Hut, R, QI, Y., Modderman, G., Uu, R., and CHu, M. 
(2000). Selective expression of NkxZ2 transcription factor In the 
migratory chicken oligodendrocyte progenitor ceOs and ImpBoatkms 
for the embryonic origin of oligodendrocytes. Mol. Cell. NeuroscL 
76, 740-753. 

Zhou, Q., and Anderson, D. (2002). The bHLH transcription factors 
OUG2 and OLK31 couple neuronal and glial subtype specification. 
Ceil 709, 81-73. 

Zhou, Q„ Wang, S., and Anderson, D. (2000% Identification of a novel 
family of oligodendrocyte lineage-specific basic helix-loo p-heflx 
transcription factors. Neuron 25, 331-343. 

Zhou, C Choi, G., and Anderson, D. (2001). The bHLH transcription 
factor OUg2 promotes oSgodendrocyte differentiation in collabora- 
tlon with Nkx2J2. Neuron 37, 791-807. 



APR 14 2005 



** TOTAL PAGE. 15 ** 



APR 14 2005 12:01 FR CISTI ICIST 



613 998 5283 TO 17188899320 P. 03X12 



Development 130, 93-102 93 

O 2003 The Company ol Biologists Ltd 

doi:10.1242/dev.00l84 



Fgfr3 expression by astrocytes and their precursors: evidence that astrocytes 
and oligodendrocytes originate in distinct neuroepithelial domains 



Nigel P. Pr Ingle 1 , Wei-Ping Yu 2 , Marlsa Howell 1 , Jennifer S. Colvin 3 , David M. Ornitz 3 
and William D. Richardson 1 * 

1 Wo If son Institute for Biomedical Research and Department of Biology. University College London, Gower Street, London WC1E 
6BT, UK 

institute of Molecular and Cell Biology, 30 Medical Drive, Singapore 117609 

department of Molecular Biology and Pharmacology, Washington University School of Medicine, St. Louis, MO 631 10, USA 
'Author for correspondence (e-mail: w.rlcnardsonOucJ.ac.uk) 

Accepted 3 October 2002 



SUMMARY 

The postnatal central nervous system (CNS) contains many 
scattered cells that express fibroblast growth factor 
receptor 3 transcripts (Fgfr3). They first appear in the 
ventricular zone (VZ) of the embryonic spinal cord in mid- 
gestation and then distribute into both grey and white 
matter - suggesting that they are glial cells, not neurones. 
The Fgfir3+ cells are interspersed with but distinct from 
platelet-derived growth factor receptor a (Pdgfraypositive 
oligodendrocyte progenitors. This fits with the observation 
that Fgfr3 expression is preferentially excluded from 
the pMN domain of the ventral VZ where Pdgfra* 
oligodendrocyte progenitors - and motoneurones - 
originate. Many glial fibrillary acidic protein (Gfap)- 
positiye astrocytes co-express Fgfr3 in vitro and in vivo. 
Fgfr3* cells within and outside the VZ also express 
the astroglial marker glutamine synthetase (Gins). We 



INTRODUCTION 

In the embryonic CNS, neurones and glia develop from 
the neuroepithelial cells of the ventricular zone (VZ) that 
surrounds the ventricles of the brain and the lumen of the spinal 
cord. Different domains of the VZ express different gene 
products and generate different subsets of neurones and/or glia. 
For example, the ventral half of the spinal cord VZ is 
subdivided into five regions labelled (from ventral to dorsal) 
p3, pMN, p2 f pi and pO. These five domains express different 
combinations of homeodomain (HD) and basic helix-loop- 
helix (bHLH) transcription factors and generate distinct classes 
of spinal neurones; pMN gives rise to somatic motoneurones, 
whereas p0-p3 give rise to four classes of ventral interneurones 
(V0-V3 respectively) (reviewed by Briscoe and Ericson, 1999; 
Jessell, 2001). In the brainstem, p3 also gives rise to visceral 
motoneurones (Ericson et al., 1997). 

After neurones, the VZ switch es to producing glial 
cells. Oligodendrocytes, the myelinating glial cells of the 
CNS, develop from the ventral VZ. Small numbers of 
oligodendrocyte progenitors (OLPs), which express the 



conclude that (1) Fgfr3 marks astrocytes and their 
neuroepithelial precursors in the developing CNS 
and (2) astrocytes and oligodendrocytes originate in 
complementary domains of the VZ. Production of 
astrocytes from cultured neuroepithelial cells is hedgehog 
independent, whereas oligodendrocyte development 
requires hedgehog signalling, adding further support to the 
idea that astrocytes and oligodendrocytes can develop 
independently. In addition, we found that mice with a 
targeted deletion in the Fgfr3 locus strongly upregulate 
Gfap in grey matter (protoplasmic) astrocytes, implying 
that signalling through Fgfr3 normally represses Gfap 
expression in vivo. 

Key words: Fgfr3, Targeted deletion, Astrocyte, Reactive gliosis, 
CNS, Neuroepitbelium 



platelet-derived growth factor receptor-a (Pdgfra), first appear 
at the ventricular surface on embryonic day 12.5 (E12.5) in the 
mouse, then proliferate and migrate away into the grey and 
white matter before starting to differentiate into myelin- 
forming qtfgodeiKin>cytes (Miller, 1996; Rogister et al., 1999; 
Richardson et al., 2000; Spassky et al., 2000). In rodents, OLPs 
are generated from the same part of the neuroepithelium as 
somatic motoneurones (MNs) but not until after MN 
production has ceased (Sun et al., 199fc; Lu et al., 2000) (for a 
review, see Rowitch et al., 2002). This prompted us to suggest 
that there is a pool of shared neuroglial precursors that first 
generates MNs, then switches to OLPs (Richardson et al., 
1997; Richardson et al., 2000). This idea has been supported 
recently by the finding that the bHLH proteins Oligl and 01ig2 
are expressed and required in pMN for production of both 
motoneurones and OLPs (Lu et al., 2002; Zhou and Anderson, 
2002; Takebayashi et al., 2002) (reviewed by Rowitch et al., 

.20021 

Where do astrocytes, the other major class of CNS glia, 
originate in the neuroepithelium? It is believed that at least 
some astrocytes are generated by transdifferentiation of radial 
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glia (Bignami and DahJ, 1974; Choi et al., 1983; Benjelloun- 
Touimi ct al., 1985; Voigt, 1989; Culican et al., 1990). Others 
are formed from multipotent precursors in the subventricular 
zones (SVZ) of the postnatal brain. However, the origins of 
astrocytes in the developing spinal cord are unclear, so we 
looked for an astrocyte lineage marker that might be helpful in 
following the development of astrocytes from their earliest 
precursors in the VZ. Previous expression studies of the 
fibroblast growth factor receptor 3 (Fgfr3) suggested that this 
receptor might be expressed in glial cells, possibly astrocytes 
(Peters et al., 1993; Miyake et al., 1996). Our own studies, 
reported here, support this conclusion and suggest that Fgfr3~ 
positive astrocytes develop from Fg/k?-positive precursor cells 
in the neuroepithelium. Fgfr3 is not expressed equally in all 
parts of the neuroepithelium but is reduced or absent from 
pMN, suggesting that astrocytes and OLPs have separate 
neuroepithelial origins. We also found that astrocytes are 
formed in vitro in the absence of hedgehog signalling - unlike 
oligodendrocytes, which require sonic hedgehog from the 
ventral midline. This reinforces the notion that at least some 
astrocytes develop independently of OLPs. 

To investigate the function of Fgfr3 in astrocytes, we 
examined mice with a targeted deletion in the Fgfr3 locus 
(Colvin et al., 1996). The number of Fg/rJ-expressing cells 
was normal in the knockout suggesting that Fgfr3 does not 
mediate a mitogenic or survival-promoting effect for these 
cells. However, Gfap was markedly unregulated in grey matter 
astrocytes, which normally have little or no Gfap - unlike their 
counterparts in white matter. Our results imply mat signalling 
through Fgfr3 normally represses Gfap expression in grey 
matter astrocytes and suggest that white matter astrocytes 
might preferentially express Gfap because ligands for Fgfr3 are 
not normally available in axon tracts. 



MATERIALS AND METHODS 

Tissue and cell cultures 

Spinal cords from stage 12-13 (48 hour) chick embryos were dissected 
into dorsal, middle and ventral thirds using a flame-sharpened 
tungsten needle. Tissue fragments were cultured as explants in 
collagen gels (Guthrie and Lumsden, 1994) in defined BS medium 
(Bottenstein and Sato, 1979) containing 0.25% (v/v) foetal bovine 
serum (FBS) and conalbumin in place of transferrin (Pringle et al., 
1996). 

For dissociated cell cultures, E17 rat cervical spinal cords were 
digested in 0.25% (w/v) trypsin in Earless buffered saline (Ca 2 + and 
Mg2 + free; Gibco) for 15 minutes at 37°C, men FBS was added to a 
final concentration of 10% (v/v) and the tissue physically dissociated 
by trituration. Cells were washed by centrifugation and resuspended 
in BS medium before plating in a 50 ul droplet on pol y-D- lysine- 
coated glass coverslips (5x10* cells/coverslip). Both explants and 
dissociated cell cultures were cultured at 37°C in 5% CO2 in a 
humidified atmosphere. 

Neutralising Shh activity In vitro 

Monoclonal Shh neutralising antibody 5E1 (Ericson et al., 1996) was 
concentrated by ammonium sulphate precipitation from hybridoma 
supernatants (Harlow and Lane, 1988). Monoclonal anti-NG2 

o gl ycan M. 11 (S tallciip and Beasley, 1987) was used as a 

negative control. Precipitated antibodies were dissolved in a small 
volume of PBS and dialysed first against PBS and then Dulbecco's 
modified Eagle's medium (DMEM, Gibco). The final volumes were 



approximately tenfold less than the starting volumes and were 
assumed to be ten time as concentrated. Explants were incubated in 
the presence of either anti-Shh or control antibodies at twice the final 
concentration. Antibodies were added at the start of the experiment 
and fresh medium and antibody were added each day thereafter. In 
some experiments cycloparnine (1 uM; from William Gaffleld) 
instead of anti-Shh was added to cultures daily. 

BrdU labelling in vivo 

El 8 pregnant mice were injected intraperitoneally with BrdU at 50 ug 
BrdU per gram body weight. Two injections were given, 6 hours apart. 
Mice were sacrificed 3 hours after the second injection and the 
embryos were processed for Fgfr3 in situ hybridisation and BrdU 
immunolabelling. 

Preparation of tissue sections 

C57BI/6 mice were obtained from Olac and bred in- house. Noon on 
the day of discovery of the vaginal plug was designated embryonic 
day 0.5 (E0.5). We also used Fg/rJ-null mice (Colvin et al., 1996) 
bred at UCL. Mid-gestation embryos were staged according to the 
morphological criteria of Theiler (Theiler, 1972). Rats (Sprague* 
Dawley) were obtained from the UCL breeding colony and staged 
according to Long and Burlingame (Long and Burlingame, 1938). 
Fertilised White Leghorn chicken eggs were obtained from Needle 
Farm (Cambridge, UK). They were incubated at 38°C and the chicken 
embryos staged according to Hamburger and Hamilton (Hamburger 
and Hamilton, 1 95 1 ). 

Embryos were decapitated and immersion-fixed in cold 4% (w/v) 
paraformaldehyde in phosphate-buffered saline (PBS) for 24 hours 
before cryoprotecting in cold 20% (w/v) sucrose in PBS for at least 
24 hours. In sections processed for irnmunohistochemistry after in situ 
hybridisation, the fixation time was reduced to 1 hour to preserve 
epitope integrity. Tissues were immersed in OCT embedding 
compound (BDH), frozen on solid CO2 and stored at -70°C before 
sectioning. Frozen sections (15 urn) were cut on a cryostat and 
collected on 3-aminopropyI-triethoxysilane (APES)-coated glass 
rmcroscope slides. Sections were air-dried for 2 hours before storina 
dry at -70 D C. 

fmmunohfstochemJstry 

Anti-Gfap monoclonal ascites, clone G-A-5 (Sigma), was used at a 
dilution of 1:400. Anti-BrdU (monoclonal BU209) (Magaud et al 
1989) was used at 1:5 dilution. Monoclonal 04 (Sommer and 
Schachner, 1981) was used as cell culture supernatant diluted 1:5. 
Secondary antibodies were rhodamine- or fluorescein-conjugated goat 
anti-rabbit or goat anti-mouse immunoglobulin (all from Pierce) 
diluted 1:200. AH antibodies were diluted in PBS containing 0.1% 
(v/v) Triton X-100 and 10% (v/v) normal goat serum, except 04 
which was diluted in PBS alone. Sometimes diaminobenzidine (DAB) 
labelling (ABC kit, Vector Laboratories) was used instead of 
fluorescence detection. 

in situ hybridisation N 

Our in situ hybridisation rjrocedures have been described (Pringle et 
al, 1996; Frutriger et al., 1999); detailed protocols are available at 
http://www.ucl.ac.uk/Micb2wdr/richardsonJ1tm. Digoxigenin (DIGV 
or fluorescein (FITQ-labelled RNA probes were transcribed in vitro 
from cloned cDNAs. The rat Fgfr3 probe was transcribed from a 
-900 bp partial cDNA encoding most of the tyrosine kinase (TK) 
domain (W.-P. Yu, PhD diesis, University of London, 1995) and the 
chicken Fgfr3 probe from a -440 bp partial cDNA encoding part of 
the TK domain (from Ivor Mason, King's College London) The 

mouse Pdgfra probe was made from a -1600 bp cDNA encodin g most 

of -the-ex&aceUular a^™in_(fronTChiayeng Wang, University of 
Chicago). The chicken Pdgfra probe was made from a -3200 bp 
cDNA covering most of the 3' untranslated region of the mRNA (from 
Marc Mercola, Harvard Medical School, Boston). 
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Fio 1 Fefr3 exoression in transverse sections of embryonic chick and mouse cervical spinal cords. (A) Chick stage 22-24 (E3-5-4); ?) chick 
^ mS^O SS ISje* <E9)" 0» chick stage 37 (El J); (B) chick stage 35 (E<»; (F) mouse E13.5; and (G) mouse E14 J ^^ally. 
FefH^s ™S^nActo plate and me ventral twc-thirds of the VZ (A) and is later downregulated in part of die ventral VZ (B). Starting 
2£d sSIeS) ^LCare visible in the parenchyma of the cord. By stage 37 (El 1) the floor plate and VZ no lW «P« W 

scart^ed cXLe present throughout most of the cross-section of the cord, including both grey and white matter (D) (E) A 

b ZS^^o f ^l^ivz ^ a sttge 35 (E9) cord, showing the two spatially separated domains - - - 

progression occurs in mouse <F,G). However, the ventral 'gap* is not so pronounced in mouse (arrow in G). Scale bars. 200 urn (A-D), 100 urn 
(F,G), 50um(E). 



For double in situ hybridisation, two probes - one FTTC labelled 
and the other DIG labelled - were applied to sections simultaneously. 
The FTTC signal was visualised with alkaline phosphatase (AP)- 
conjugated anti-FITC Fab2 fragments before developing in p- 
iodonitrotetrazolium violet (INT) and 5-bromo-4-chloro-3-indolyl 
phosphate (toluidine salt) (BCIP), which produces a magenta/brown 
reaction product. The sections were photographed, then the AP was 
inactivated by heating at 65°C for 30 minutes followed by incubating 
in 0.2 M glycine (pH 2) for 30 minutes at room temperature. The 
INT-BOP reaction product was removed by dehydration through 
graded alcohols, concluding with 100% ethanol for 10 minutes at 
room temperature. The DIG signal was then visualised with AP- 
conjugated anti-DIG Fab2 fragments and a mixture of nitroblue 
tetrazolium (NBT) and BCIP (all reagents from Roche Molecular 
Biochemicals) and the sections re-photographed. No labelling with 
NBT/BCIP was observed when we omitted either the DIG labelled 
probe or the anti-DIG antibody (data not shown). 

For the Fgfr3-Pdgfru double in situ hybridisation of Fig. 4 we 
visualised the FTTC {Pdgfrd) signal with horseradish peroxidase 
(HRP-conjugated anti-FITC Fat>2 fragments (Roche) before 
developing in fluorescein-tyramide reagent (NEN™ Life Science 
Products, Boston) according to the manufacturer's instructions. The 
HRP-conjugare was inactivated by incubating in 2% (v/v) hydrogen 
peroxide for 30 minutes at room temperature. The DIG (Fgfr3) signal 
was then visualised with HRP-conjugated anti-DIG Fab2 fragments 
followed by rhodamine-tyramide, and the sections photographed 
under fluorescence optics. As specificity controls we omitted either 
the FITC-labeltcd Pdgfra probe or the HRP-conjugated anti-FITC 
antibody, which gave no staining other than for Fgjr3 (not shown). 

Combined I mmu no labelling and In situ hybridisation 

For the experiment of Fig. 7, cultured cells were first subjected to 
in situ hybridisation with a [ 35 S]-labelIed RNA probe against Fgfr3 
then immunolabeled with anti-Gfap and biotinylated goat-anti-mouse 
Ig. The Gfap signal was developed with DAB and the slides 
dehydrated through ascending alcohols, dipped in nuclear emulsion 
(Ilford K5), exposed in the dark for several days and developed in 
Kodak D19. 



RESULTS 

Fgfr3 expression in the embryonic spinal cord 

We examined Fgfr3 expression in the embryonic chick spinal 
cord by in situ hybridisation. At stage 22-24 (corresponding to 
~E4), Fgfr3 expression was confined to the floor plate and the 
ventral two-thirds of the VZ (Fig. I A). By stage 34 (E8) Fgfr3 
expression had been extinguished in part of the ventral VZ so 
that a gap developed in the expression pattern (e.g. Fig. IB). 
Individual Fgfr3* cells were also present outside the VZ 




Fig. 2. Expression of Fgfr3 and Olig2. Transverse sections through 
stage 35 (E9) chicken spinal cords were subjected to in situ 
hybridisation for Fgfr3 (A) or double in situ for Fgfr3 and OUg2 (B). 
At this age, Fgfr3 expression is confined to the VZ and a few 
scattered cells outside the VZ. The two spatially separated domains 
of Fgfr3 expression are clearly visible (A). OUg2 is expressed 
predominantly within the ve ntral 'gap* of Fg fr3 exp ression (B).This 
suggests thafpMN (brackets), which generates~/ 3 3gjfra* 
oligodendrocyte progenitors (OLPs), does not also generate Fgfr3* 
putative astrocyte progenitors. Scale ban 50 (im. 
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Fig. 3. Incorporation of BrdU by fg/ri-expressing cells. We labelled 
El 8 embryos by two intra-peritoneaJ injections of BrdU, 6 hours 
apart, into the mother. We harvested the embryos 3 hours later and 
performed in situ hybridisation for Fgfr3 followed by 
immunohistochemistry for BrdU. The Fgfr3 (A) and BrdU (B) 
images were superimposed using Adobe Photoshop (C). Many 
^i-expressing cells incorporated BrdU (C, arrows), confirming 
that they can divide after exiting the VZ and are therefore unlikely to 
be neurones. Arrowheads in B,C indicate /^/ri-negative cells that 
have incorporated BrdU. 



after stage 34 (E8), both lateral and dorsal to the Fgfr3* 
neuroepithelial domains. Often the individual cells appeared to 
be streaming away from the VZ into the parenchyma. This 
is evident in Fig. 1C, for example. By stage 37 (Ell) Fgfr3 
expression was no longer detectable in the VZ but scattered 
Fgfr3 + cells were present throughout the grey and white matter 
of the cord (Fig. ID). Fgfr3 expression followed a similar 
progression in mouse and rat (Fig. 1F,G and not shown). In 
rodents, however, the ventral gap in Fgfr3 expression was not 
as pronounced as in chicks (Fig. 1G, arrow). 

A scattered population of F<g/r5-expressing cells is found 
throughout most regions of the late embryonic and postnatal 
mouse brain, both in white and in grey matter. As in the 
embryonic spinal cord, there appear to be specific regions of 
the embryonic brain VZ that give rise to Fgfr3+ cells that 
stream away from the VZ into the parenchyma (not shown). 

F ?J?I? xpressin9 orr 9i"ate mainly outside the 
pMN domain of the neuroepitheiium 

^ Vd .° pinS ^ pmal ^ cord; nec ^pitiietial pre^rsbnTat 
different positions along the dorsoventral axis generate distinct 
neuronal subtypes. The ventral half of the spinal cord VZ is 




Fig. 4. Different populations of Fgfr3+ and Pdgfra* cells in the 
newborn spinal cord. We hybridised sections of P2 mouse cervical 
spinal cord simultaneously with a DIG-labclled Fgfr3 probe together 
with an FITC-Iabelled Pdgfra probe to visualise OLPs. The Fgfr3 
signal (red) was visualised with rhodamine-tyramide reagent and the 
Pdgfra signal (green) with fluorescein-tyramide. Scattered individual 
Fgfr3* and Pdgfra* cells can be seen throughout both white and grey 
matter of the cord, but these are separate and discrete cell 
populations. We conclude that the great majority of Fgfr3* cells in 
the cord are not OLPs. 

divided into five neuroepithelial domains known as (from 
ventral to dorsal) p3, pMN, p2, pi and pO (Briscoe et al., 2000). 
Of these, pMN is known to generate motoneurones followed 
by oligodendrocyte progenitors (OLPs). It seemed to us that 
the ventral gap in Fgfr3 expression (Fig. 2A) might correspond 
to pMN. To test this, we performed double in situ hybridisation 
for Fgfr3 and Olig2 (which demies pMN) (Lu et al 2000* 
Zhou et al., 2000). At stage 35, the Olig2 in situ hybridation 
signal was within the gap in the Fgfr3 signal (Fig. 2B, arrow). 
Therefore, Fgfr3 is preferentially downregulated in pMN 
where oligodendrocyte lineage cells originate, but is expressed 
both ventral and dorsal to pMN. 

Fgf r3- expressing cells are glia 

Hie fact that most of the scattered Fgfr3* cells are generated 
after stage 34 (ES) in the chick, E13.5 in mouse, is itself a 
strong argument mat they are glial cells, not neurones, because 
most spinal neurones are bom before this (Airman and Bayer 
1984). That some of the Fgfr3+ cells are found in axon tracts 
also suggests that they are glia, for there are very few neuronal 
cell bodies in fibre tracts. 

Another indication that they are glial cells is that they 
continue to divide after they leave the VZ. We showed this by 
injecting BrdU into a pregnant mouse atI8 days gestation The 
embryos were removed 3 hours later and processed by in situ 
hybridisation for Fgfr3 followed by immunolabelling for 
BrdU. We found many (Fgfr3 + t BrdU + ) cells scattered 
throughout the white and grey matter of the cord (Fig 3 
arrows). This confirms that fg/ri-expressing cells divide 
in vivo and are therefore unlikely to be neurones or neuronal 
progenitors, which leave the VZ as postmitotic cells This 
strengthens the idea that the Fg/rJ-expressing cells are glia 
There was also a population of (BrdU + , Fgfr3~) cells in both 
grey and white matter (Fig. 3C, arrowheads), so there is a 
distinct population^) of dividing cells that do not express 
Fgfr3, 

Fgfr3-expr esslng cells are distinct from Pdgfra* 

oligodendrocyte progenitors 

To detennine whether the Fgfr3* cells that we detect arc 
oligodendrocyte progenitors (OLPs), we double labelled 
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Fig. 5. fg/ri-positive cells are unaffected in Pdgfa null spinal cords. 
Consecutive sections of newborn wild-type or Pdgfa knockout mouse 
cervical spinal cords were hybridised in situ with probes to Fgfr3 
(A,B) or Pdgfra (CD). The number of Pdgfra* OLPs is strongly 
reduced in the Pdgf-A knockout (compare C with D) but neither the 
number nor the distribution of Fgfr3* cells is changed noticeably 
(A3). Again, we conclude that the Fgfr3* cells and Pdgfra* OLPs 
are different cells. 

mouse E18 and P2 spinal cord sections for Fgfr3 and Pdgfra, 
an established marker of early OLPs. Both in situ hybridisation 
probes labelled similar numbers of cells that were scattered 
throughout the spinal cord grey and white matter, but the two 
cell populations were completely non-overlapping (Fig. 4). 
This also held true throughout the postnatal brain (N. P. P., 
unpublished). We also looked in newborn Pdgfa knockout mice 
which contain far fewer Pdgfra* OLPs than normal (Fruttiger 
et al., 1999). Despite the lack of OLPs, there were normal 
numbers of Fgfr3* cells at this age (Fig. 5). Clearly, the Fgfr3* 
cells detected by our in situ hybridisation procedures are not 
early OLPs but a different cell population. This is consistent 
with the fact that in mice lacking Fgfr3, early events of 
oHgodendrocyte lineage progression occur normally and the 
numbers of Pdgfra* cells remains unchanged (R. Bansal, 
personal communication) (N. P. P., unpublished). 

Fgfr3-expressing cells are astrocytes and astrocyte 
precursors 

To test whether the Fgfr3+ cells might be astrocytes, we double 
labelled El 8 mouse spinal cord sections for Fgfr3 and Gfap 
mRNAs. At E18, white matter astrocytes begin to express Gfap 
mRNA, which initially remains in the astrocyte cell bodies and 
allows identification of individual astrocytes. (As astrocytes 
mature further, both Gfap mRNA and protein are relocated to 
the extending cell processes, making individual cells difficult 
to distinguish.) 



.6.".' SL*ii 

Fig. 6. Newly differentiating white matter astrocytes express Pgfr3. 
We simultaneously hybridised sections of El 8 mouse cervical spinal 
cord with an FITC-labelled Gfap mRNA probe (A) and a 
DIG-labelled Fgfr3 probe (B). The Gfap and Fgfr3 hybridisation 
signals were visualised and photographed sequentially (see Materials 
and Methods). All the G/dp-expressing astrocytes also expressed 
Pgfr3 (e.g. arrows). In general, Fgfr3* cells in the grey matter 
(arrowheads) did not co-express Gfap. 



All the Gfap* astrocytes in developing white matter at El 8 
also expressed Fgfr3 (Fig. 6, arrows). This result clearly 
identifies many of the Fg/W-expressing cells as astrocytes. 
Nevertheless, the majority of Fg/rJ-expressing cells in the grey 
matter (Fig. 6B, arrowheads) are Gfap-negative. We presume 
that these represent Gr/iip-negative, possibly immature, 
astrocytes. 

In an attempt to label all astrocytes, including G/ap-negative 
astrocytes, we used an in situ hybridisation probe against 
glutamine synthetase mRNA (Gins) (EC 6.3.1.2). Gins is 
widely regarded as an astrocyte marker, although there have 
been reports that it is also present in mature oligodendrocytes 
and even OLPs; We found that Gins transcripts were present 
in the VZ of the E15 mouse spinal cord and in cells outside 
the VZ in a pattern that was very similar that of Fgfr3 (Fig. 7). 
This is consistent with the view that Fgfr3 and Gins mark 
astrocytes and their precursors. This conclusion was further 
strengthened by studies of cultured astrocytes (see below). 

Cultured astrocytes co-express Gfap and Fgfr3 

When CNS cells are dissociated and placed in culture, 
astrocytes in the culture upregulate Gfap and are easily 
recognisable. We dissociated and cultured cells from El 7 rat 
cervical spinal cord and labelled them by in situ hybridisation 
for Fgfr3 and by irnmunocytochemistry for Gfap. Almost all 
of the Gfap* astrocytes also expressed Fgfr3 (Table 1; Fig. 8, 
arrows). There was also a small population of flat, fibroblast- 
like Fgfr3* cells that did not express Gfap (Fig. 8, arrowheads). 
The number of these cells decreased with time in culture; at 3 
days they were 6% of all cells, by 9 days less than 1% (Table 1). 
These (Fgfr3* t Gfap—) cells might be astrocyte precursors or 
immature astrocytes that have not yet upregulated Gfap. In any 



Table 1, E17 rat spinal cord cell cultures double labelled for Fgfr3 and Gfap 

Days in vitro Fgfr3* Gfapr (astrocyte precursors?) FgfrS* Gfap* (astrocytes) Fgfr3~ Gfap* (astrocytes) Fgfr3~Cfap~ (other cells) 

3 17/275(6%) 69/275(25%) None 189/275(68%) 

6 23/596(4%) 82/596(14%) 2/596 (<1%) 489/596(82%) 

9 4/645 (<1%) 197/645(31%) 1/645 (<l%) 443/645(69%) 

„_Dissodaiai<&]!s iismSllm spinaLc£rdj^re^uJtured_f^ 

immunohistochemistry for Gfap protein. We counted astrocytes {Fgfr3*. Gfap* and FgfrS; Gfap*), putative astrocyte precursors (Fgfr3+, Gfap") and other 
unidentified cells {FgfrJ-, GFAP"). The great majority of GFAP-expressing astrocytes also expressed FgfrS. These data are from a single representative 
experiment (duplicate coverslips); comparable results were obtained in two additional independent experiments. 
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Fig. 7. Co-expression of and glutamine synthetase {Gins) in 
the VZ and parenchyma of the embryonic mouse spinal cord. There 
was considerable overlap between the in situ hybridisation signals for 
Fgfr3 and Gins in the E15 mouse spinal cord, strongly suggesting 
that FgfrS* cells correspond to glial (presumably astrocyte) 
precursors. Arrows indicate cells that express both Fgfr3 and Gins. 



case, this experiment provides clear evidence that most or all 
Gfap + astrocytes in culture co-express Fgfr3. 

Gfap Is upregulated in grey matter astrocytes in 
Fgfr3 null mice 

If FgfirS is expressed by astrocytes, we might expect to see 
specific effects on astrocytes in transgenic mice homozygous 
for a targeted disruption of Fgfr3. These mice have previously 
been shown to have skeletal and inner ear defects but no CNS 
defects have yet been reported (Colvin et al, 1996). 

We visualised astrocytes in spinal cord sections of 3-month- 
old Fgfr3 null mice, together with their heterozygous Fgfr3+'- 
and wild-type htterrnates, by immunolabelling with anti-Gfap. 
Heterozygous and null mutant mice all displayed the normal 
pattern of Gfap expression up to 6 weeks of age. Gfap 
expression was observed in the white matter around the 
circumference of the spinal cord, many Gfap-labelled 
processes being oriented in a radial direction (Fig. 9A). By 
comparison, there was little or no Gfap expression in the grey 
matter, except in astrocytes associated with blood vessels. 
Between 6 weeks and 2 months of age, a striking up-regulation 
of Gfap expression occurred in the grey matter of Fgfr3 null 
mice, though not in their heterozygous or wild-type htterrnates 
(Fig. 9B). Astrocytes lining blood vessels also had increased 
Gfap immunoreactivity. 

The number of cells that contain Fgfr3 mRNA was not 
noticeably different in Fgfr3-nuU spinal cords compared with 
wild type (data not shown). This suggests that Fgfr3 does not 
normally mediate a signal for proliferation or survival of 
astrocytes, although further experiments (e.g. BrdU labelling 
in vivo) would be required to substantiate this. 

Astrocyte development in vitro does not depend on 
-Hedgebo^sl§nafflne; 

In the spinal cord, production of ventral cell types - 




Fig. 8. Cultured cells from El 7 rat spinal cord double-labelled for 
Fgfr3 and Gfap. Cells were hybridised in situ with a 33 S-Iabelled 
RNA probe for Fgfr3, then immunolabelled for Gfep followed by 
autoradiography (see Materials and Methods). The Fgfr3 signal 
(black silver grains) is present over most Gfap-positive cells (brown 
DAB reaction product; arrows) (also see Table 1). Scale bar; 10 Jim. 
Arrowhead indicates an /^5-positive, Gfap~n&gaiive cell. 



on Shh signalling (Ericson et al., 1996; Orentas et al., 1999) 
(for a review, see Jessell, 2001). We wanted to know whether 
production of astrocytes from the ventral neural tube is also 
dependent on Shh. We rmcrodissected stage 12/13 (E2) chick 
spinal cord into thirds along the dorsoventral axis and cultured 
the ventral-most fragments in collagen gels with either a 
control antibody or an anti-Shh neutralising antibody (see 
Materials and Methods). After 48 hours in culture we labelled 
explants with monoclonal antibody 4D5, which recognises 
homeodomain proteins Isll and Isl2 in motoneurones. Control 
explants contained numerous Isl + cells, whereas none were 
observed in explants incubated with anti-Shh (data not 
shown). After a further 10 days in culture (12 days total) we 
visualised OLPs with monoclonal antibody 04 (Sommer and 
Schachner, 1981) (Fig. 10QD) and astrocytes with anti-Gfap 
(Fig. 10A.B). All of the explants incubated with control 
antibody (19/19) contained large numbers (>300) of Q4 + late- 
stage OLPs (Fig. 10C). As expected, OL.P production was 
markedly decreased by anti-Shh (Fig. 10D); 14/22 explants 
contained no 04+ cells and, of the remaining eight explants, 
seven contained fewer than ten positive cells and the other one 
contained 38 positive cells. By contrast, all explants contained 
numerous (>300) Gfap + astrocytes whether they had been 
incubated with control antibody (19/19) or anti-Shh (22/22) 
(Fig. 10A,B). 

Similar results were obtained with explants from 
stage 25 (E5) embryos from which we were able to dissect the 
ventral one-quarter of the neural tube and discard the floor 
plate. Once again, large numbers of Gfap + astrocytes developed 
in explants cultured with control antibody (22/22) and with 
anti-Shh (25/25), even though OLP production in these 
explants was inhibited by anti-Shh (not shown). 

lb test the possibility that other hedgehog (Hh) proteins 
(Desert Hh, Indian Hh) control astrocyte production in ventral 
explants, we inhibited the activity of all isoforms with the 
aUcaJoid_cydopam 



motoneurones, ventral interneurones and OLPs - is dependent 



1998). This gave similar results as Shh neutralising antibodies 
(data not shown). Hius, we conclude that astrocyte induction 
in ventral spinal cord does not require Hedgehog signalling. 
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Fig. 9. Gfap upregulation in grey matter astrocytes in Fgfr3-nu\\ 
mice. Transverse sections through the cervical spinal cords of 2- 
month-old wild-type (A) and Fgfr3*nu\\ mice (B) were 
immunolabeled with anti-Gfap. In the wild-type cord, white matter 
(fibrous) astrocytes express Gfap but there is little or no Gfap 
immunoreactivity in the grey matter. By contrast the Fgfr3-mi\\ 
mouse (B) shows extensive Gfap labelling of grey matter 
(protoplasmic) astrocytes. Scale ban 100 |im. 



DISCUSSION 

On the basis of their spatial distribution and time of 
appearance, Peters et al. (Peters et al, 1993) suggested that 
FgfrS* cells in the mouse CNS are glial cells, possibly 
astrocytes. By double labelling experiments with FgfrS and 
Gfap, Miyake et al. (Miyake et al., 1996) concluded that Fgfr3 
was expressed in astrocytes in the adult rat brain. Our data 
support and extend these conclusions. We present evidence that 
scattered Fgfr3*ceUs in the embryonic and postnatal CNS are 
astrocytes and/or astrocyte progenitors, and that these 
astrocytes are derived from Fgfr3* neuroepithelial precursors 
in the VZ. 

Fgfr3 is also expressed transiently by a subpopulation of 
motoneurones (Philippe et al., 1998) and by late 
oligodendrocyte progenitors (late OLPs) just prior to terminal 
differentiation in vitro (Bansal et al., 1996). We are convinced 
that the Fgfr3* cells that we detect are not OLPs, however. First 
and foremost, double labelling for Fgfr3 and Pdgfra (a marker 
of early OLPs) demonstrates that these mark separate 
populations of cells. The Fgfr3* and Pdgfra* cell populations 
appear at different times and initially their distributions are 
different. Moreover, the number and distribution of Fgfr3* 
cells was unaltered in neonatal Pdgfa-nvdl spinal cords, which 
have very few Pdgfra* OLPs and oligodendrocytes (Fnittiger 
et al., 1999). This argues strongly that the large majority of 
Fgfr3*czUs revealed by our in situ hybridisation protocol are 
not OLPs. Bansal et al. (Bansal et al., 1996) have shown that 
OLPs do express Fgff3 mRNA in culture but only at a low level 
during the earlier stages of the lineage. Presumably this is 
below our limit of detection in situ. OLPs upregulate Fgfr3 
strongly just prior to oligodendrocyte differentiation (Bansal et 
al., 1996) but these presumably represent a small subset of 
OLPs in the embryonic spinal cord and do not feature in our 
analysis. 

Fg/ri-positive cells co-expressed mRNA encoding 
glutamine synthetase (Gins; EC 6.3.1.2). In the CNS. Gins is 
an accepted marker of mature astrocytes (Norenberg and 
Martinez-Hernandez, 1979; Stanimirovic et al.. 1999) but it is 



control 



anti-Shh 



also expressed in oligodendrocytes (Doraercq et al., 1999) and 
OLPS (Baas et al., 1998). Gins has not previously been 
ascribed to neuroepithelial precursors or immature astrocytes 



Fig. 10. Neutralising Shh activity in explant cultures of ventral spinal 
cord. Stage 12/13 (E2) chick neural tube was dissected into dorsal, 
intermediate and ventral thirds. The ventral thirds were cultured in 
collagen gels in the presence of either control antibody (A,C) or with 
neutralising anti-Shh antibody (B,D). Explants were double-labelled 
with 04 monoclonal antibody (C,D) and anti-Gfap (A,B). Anti-Shh 
blocks the formation of 04-positive OLPs but not Gfap-positive 
astrocytes. Scale bar: 10 u,m. 



in the embryo, although Gins transcripts have been detected in 
the rat brain by northern blot as early as E14. To our 
knowledge. Gins has not been described in neurones except in 
pathological situations such as Alzheimer's disease (Robinson, 
2000). Therefore, we are confident that the (Fgfr3*, Gins*) 
double-positive cells described here are glial cells. Taken 
together with the evidence against them being OLPs (see 
above), it seems likely that they correspond to immature and 
mature astrocytes. This is strongly supported by the 
observations that Fgfr3* cells co-express Gfap protein and/or 
mRNA in (1) the formative white matter of the normal 
developing spinal cord and (2) cultures of dissociated spinal 
cord cells. 

Neuroepithelial origins of astrocytes 

Fgfr3 was expressed in two domains of the spinal cord 
neuroepithelium separated by an Fg/rJ-negative region. This 
was true of both rodent and avian embryos though it was more 
obvious in the latter. The Fgfr3-n£gative region corresponds 
roughly to the pMN domain of the VZ that generates somatic 
motoneurones followed by Pdgfra* OLPs (Sun et al., 1998; 
Rowitch et al., 2002). Therefore, our data indicate that OLPs 
and astrocytes originate from separate precursors that reside in 
different parts of the VZ. How does this fit with other ideas 
about the origin of astrocytes? One hypothesis is that astrocytes 
arise by transdifferentiation of radial glia, after the latter have 
fulfilled their role as cellular substrates for radial migration of 
JieuronaJLprp^m^^ 



1983; BenjeUoun-Touimi et al., 1985; Voigt, 1989; Culican et 
al., 1990). This could be compatible with our Fgfr3 expression 
data, as radial glia have their cell bodies close to the ventricular 
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surface. However, radial glia are distributed all around the 
spinal cord lumen, unlike Fgfr3, so one would have to postulate 
that only a subset of radial glia express Fgfr3. 

In double-knockout mice that lack the two basic helix- 
loop-helix (bHLH) transcriptions factors Oligl and Ohg2, the 
pMN domain of the VZ undergoes a homeotic transformation 
into p2, its immediate dorsal neighbour (Rowitch et al., 
2002). As a result, pMN no longer generates motoneurones 
followed by OLPs, but instead produces V2 interneurones 
followed by astrocytes (Zhou and Anderson, 2002; 
Takebayashi et al., 2002). By implication, this is the usual 
fate of p2 precursors in wild-type mice. This is consistent 
with our observation that Fgfr3* astrocytes apparently 
originate within an extended part of the ventral VZ, including 
p2 but excluding pMN. Our Fgfr3 expression data are also 
consistent with previous fate mapping experiments in chick- 
quail chimeras, which indicated that astrocytes are generated 
from dorsal as well as ventral parts of the VZ, whereas OLPs 
are generated only from ventral territory (Pringle et al., 
1998). It remains to be seen whether astrocytes that are 
generated from distinct neuroepithelial domains (p3 or p2, 
say) have identical properties or whether they are functionally 
specialised - for modulating synaptic activity or interacting 
with blood vessels, for example. 

Production of ventral cell types such as motoneurones 
interneurones and OLPs is dependent on Shh signalling. As 
many Fg/ri-expressing astrocyte precursors appear to 
originate in p3, p2 and other ventral domains, we might expect 
that production of astrocytes might also depend on Shh 
signalling. However, we found that astrocytes developed in 
explant cultures of ventral neural tube either in the presence 
or absence of Shh activity. Our data imply that astrocytes are 
specified by different mechanisms than OLPs - at least they 
demonstrate that astrocyte and OLP production are not 
obligatorily linked. In fact, there is evidence that more than 
one signalling pathway can lead to astrocyte development 
wvitro (Rajan and McKay, 1998). Because astrocytes can be 
formed from dorsal as well as ventral neuroepitbelium, it 
remains possible that Ventral* astrocytes might normally be 
under Shh control, but that by blocking Shh signalling we 
Sopmem. aitematiVe ' dorsar Pathway for astrocyte 

u ^1^ D repoited « glial-restricted precursor 

cells (GRPs) in the embryonic rat spinal cord that are dedicated 
to the production of astrocytes and oligodendrocytes (Rao and 
Mayer-Proschel, 1997; Herrera et al., 2001). TOs seems to 
conflict with current evidence that ohgodendrocytes and 
astrocytes are generated from different precursors in the 
embryonic spinal cord (Lu et al., 2002; Rowitch et al., 2002; 
Zhou and Anderson, 2002) (this paper). A possible 
retaliation might be that GRPs with the potential to 
generate both astrocytes and oligodendrocytes are formed in 
all parts of the spinal cord VZ but are constrained in vivo to 
generate only astrocytes or only ohgodendrocytes, depending 
on the i signals in their local environment (i.e. where they are 
located) (for a review, see Rowitch et al., 2002). 



aJfro J5S ,ateS GfaP expressfon in 9 re V matter 



^Sf. heritable morphologies have been 

described in cultures of rat spinal cord cells (Fok-Scang and 



Miller, 1992). Astrocytes in different parts of the CNS differ 
in morphology or function in vivo too, suggesting that they 
might fulfil different, region-specific functions. In addition, 
astrocytes in white matter tracts generally have smaller cell 
bodies with more and longer processes compared to their 
counterparts in grey matter (Connor and Berkowitz, 1985). For 
this reason, white matter astrocytes are sometimes referred to 
as 'fibrous* and those in grey matter as 'protoplasmic' or 
*veious\ White matter astrocytes also express high levels of 
Gfap, whereas grey matter astrocytes contain litde or no 
lmmunoreactive Gfap. 

Fibrous and protoplasmic astrocytes might develop from 
separate lineages (Connor and Berkowitz, 1985). However 
our observation that Gfap is unregulated in grey matter 
astrocytes ofFgfr3-mm mice provides strong in vivo evidence 
that extracellular signals might be required to maintain their 
normal Gfap-negative phenotype. This is consistent with a 
report that adding Fgf2 to cultured astrocytes downregulates 
Gfap mRNA and protein and causes their morphology to 
change (ReiUy et al., 1998). Fgf2 and other known Fgfr3 
Ugands such as Fgf9 are made by, and presumably released 
from, many CNS neurones (Eckenstein et al., 1991; Cotman 
and Gomez-Pinilla, 1991; Woodward et al., 1992* Gomez- 
Pinilla et al., 1994; Kuzis et al., 1995). One possible reason 
mat white matter astrocytes express high levels of Gfap in 
wild-type mice might be that they are denied exposure to 
Fgfr3 ligands in axon tracts - perhaps because Fgf, like Pdgf 
is secreted from neuronal cell bodies but not from axons 
(Fruttiger et al., 2000). 

Upregulation of Gfap in the Fgfr3-nun mouse is mindful of 
the astrocyte response to CNS injury or disease - so-called 
reactive gliosis or astrocytosis (for reviews, see Ridet et al 
1997; Norton, 1999). It would be interesting to know whether 
interruption of signalling through Fgfr3 is somehow involved 
m the astrocyte reaction to injury. However, it is unlikely to be 
straightforward, because Gfap upregulation in the Fg/ri-null 
animals does not occur until around 2 months of age. 
suggesting that it is an indirect effect. In addition, the data from 
the Fg/W-null mouse are difficult to square with the 
observation that intra-ventricular injection of Fgf2 has been 

SSer^lT 6 DUmber ° f GfaP+ 

Most grey matter (protoplasmic) astrocytes possess many 
short sheet-like processes containing little, if any, Gran 
(Connor and Berkowitz, 1985). It has been suggested mat this 
morphology might help them to infiltrate the neuropil and 
surround axonal terminals, synapses and neuronal cell bodies 
consistent with one of their proposed roles in neurotransmitter 
metabolism (Martinez-Hernandez et al., 1977; Norenberg and 
Mamnez-Hernandez, 1979). It will be interesting to see if the 
reactive astrocytes in /^3-null mice are defective in 
neurotransmitter metabolism and whether this contributes to 
the premature death of the animals. 
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We have found that the tripotential glial-restricted precursor 
(GRP) cell of the embryonic rat spinal cord can give rise in vitro 
to bipotential cells that express defining characteristics of 
pligodendrocyte-type-2 astrocyte progenitor cells (02A/OPCs). 
Generation of C2A/OPCs is regulated by environmental signals 
and is promoted by platelet-derived growth factor (PDGF), 
thyroid hormone (TH) and astrocyte-conditioned medium. In 
contrast to multiple observations indicating that oligodendro- 
cyte precursor cells in the embryonic day 14 (E14) spinal cord 
are ventrally restricted, GRP cells are already present in both 
the dorsal and ventral spinal cord at E13.5. Ventral -derived 
GRP cells, however, were more likely to generate 02A/OPCs 
and/or oligodendrocytes than were their dorsal counterparts 
when exposed to TH, PDGF, or even bone morphogenetic 



protein-4. The simplest explanation of our results is that oligo- 
dendrocyte generation occurs as a result of generation of GRP 
cells from totipotent neuroepithelial stem cells, of 02A/OPCs 
from GRP cells and, finally, of oligodendrocytes from 02A/ 
OPCs. In this respect, the responsiveness of GRP cells to 
modulators of this process may represent a central control 
point in the initiation of this critical developmental sequence. 
Our findings provide an integration between the earliest known 
glial precursors and the well-studied 02A/OPCs while opening 
up new questions concerning the intricate spatial and temporal 
regulation of precursor cell differentiation in the CNS. 

Key words: glial-restricted precursor cell; GRP cell; oligoden- 
drocyte; 02A progenitor cell; OPCs; spinal cord development; 
ventral origin; neuroepithelial stem cells 



Understanding how the differentiated ceil types of the body are 
generated is a central challenge in developmental biology. Mul- 
tiple components contribute to this process, including signaling 
molecules and transcription factors that cause precursor cells to 
progress along different developmental pathways. Central to un- 
derstanding cell generation, however, is identification of the pre- 
cursor cell from which a given cell type arises, for it is the specific 
precursor cell that represents the actual target for exogenous 
influences. 

The creation of specific precursor cells and differentiated cell 
types proceeds through a sequence of lineage restrictions but also 
may involve a phenomenon of lineage convergence. Through 
lineage restriction, the totipotent stem cells of the earliest embryo 
generate progeny that are more restricted in the range of cell 
types they generate. For example, totipotent embryonic stem cells 
give rise to tissue-specific stem cells. Tissue-specific stem cells 
proceed to produce differentiated cell types via intermediate 
lineage-restricted precursor cells. These lineage-restricted precur- 
sor cells ultimately generate a subset of the differentiated cell types 
in a particular tissue. Lineage restriction is complemented in de- 
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velopment by the process of lineage convergence, by which differ- 
ent lineages give rise to the same cell type. One example of such 
convergence is seen in the formation of cartilage from both mes- 
enchymal and cranial neural crest lineage (Baroffio et al., 1991). 

Studies on CNS development are revealing a rich diversity of 
precursor cells that can give rise to the same cell type, particularly 
with respect to glial development. For example, it is well estab- 
lished that oligodendrocytes can be generated from oligoden- 
drocyte-type-2 astrocyte progenitor cells (Raff et al., 1983; Skoff 
and Knapp, 1991), which also are referred to as oligodendrocyte 
precursor cells (Raff et al., 1983; Skoff and Knapp, 1991) and 
abbreviated here as 02A/OPCs. More recent studies on embry- 
onic rat spinal cord have led to the isolation of a new and distinct 
population, called tripotential glial-restricted precursor (GRP) 
cells, that also can generate oligodendrocytes in vitro and in vivo 
(Rao et al., 1998; Herreraet al., 2001). GRP cells and 02A/OPCs 
differ in several characteristics. For example, GRP cells and 
02A/OPCs differ in their responses to mitogens, survival factors, 
and inducers of differentiation (Rao et al., 1998). GRP cells and 
02A/OPCs also express distinct differentiation potentials in vitro: 
GRP cells are able to generate oligodendrocytes and two distinct 
astrocyte populations, whereas 02A/OPCs can generate oligo- 
dendrocytes and only one kind of astrocyte. Moreover, GRP cells 
readily generate astrocytes when transplanted into the neonatal 
or adult brain (Herrera et al., 2001), a cell type not generated 
from primary 02A/OPCs, after transplantation into the normal 
CNS (Espinosa de los Monteros et al., 1993). 

Several critical questions arise from the fact that it now is 
possible to isolate two distinct precursor cell populations (i.e., 
GRP cells and 02A/OPCs) from the developing animal, each of 
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Table 1. Differentiation potential of GRP-derived Q4 + and 04 cells 



OT cells 



Q4~ cells 



Culture condition 



PDGF/TH 



10% FCS 



PDGF/TH 



10% FCS 



Type-2 astrocytes only 
Type-1 astrocytes only 
Type-1 and type-2 astrocytes 
Oligodendrocytes and progenitors 



Number of clones that contain specific cell types/number of all scored clones 

0/15 21/22 0/29 1/21 

0/15 1/22 0/29 3/21 

0/15 0/22 0/29 17/21 

15/15 0/22 29/29 0/21 



Individual GRP cell-derived 04 + and Q4~ cells were expanded to a clonal size of 5-10 cells before being exposed to 10% FCS to induce astrocytic differentiation or exposed 
to PDGF and TH to promote oligodendrocyte differentiation. After 5 or 10 d, respectively, clones were stained with anti-GFAP, A2B5, and anti-GalC antibodies. In 
serum-containing medium, all but one of the clones derived from 04 + cells contained only astrocytes with the antigenic phenotype of type-2 astrocytes (i.e., GFAP + and 
A2B5 + ). In contrast, clones generated from 04~ cells contained a mixture of type-1 (i.e., GFAP + A2B5") and type-2 astrocytes. Although some clones derived from 04 + 
or 04~ cells contained one or two progenitor cells, none of the clones contained oligodendrocytes at that time point All clones exposed to PDGF and TH, regardless of being 
derived from 04*" or 04~ cells, contained A2B5 + progenitor cells and GalC*" oligodendrocytes. None of these clones contained astrocytes. 



which can generate oligodendrocytes. Is the relationship between 
these two populations one of lineage restriction or lineage conver- 
gence? If GRP cells and 02A/OPCs are related, what signals 
promote the generation of one from the other and how can the 
existence of both populations be integrated with existing studies on 
the generation of oligodendrocytes during spinal cord development? 

MATERIALS AND METHODS 

Cell culture. A2B5 + GRP cells were isolated from embryonic day 13.5 
(E13.5) Sprague Dawley rat spinal cords by positive selection on immu- 
nopanning dishes coated with A2B5 antibody (Rao et aL, 1998). GRP 
cells were then grown in the presence of 10 ng /ml basic FGF (bFGF) and 
indicated supplements for various time points on fibronectin/lamin in- 
coated coverslips at 3000 cells/well for mass culture experiments or on 
coated grid dishes for clonal analysis. Gultures were fed every other day 
with the factors indicated. At the end of the experiment, cells were 
stained with 04 (Sommer and Schachner, 1981) or A2B5 antibodies to 
detect precursor cells, anti-galactocerebroside (GalC) antibody (Gard 
and Pfeiffer, 1990; Gard et al., 1995) to identify oligodendrocytes, and 
anti-GFAP antiserum to identify astrocytes (Norton and Farooq, 1993; 
Morita et al., 1997; Gomes et al., 1999) followed by appropriate 
fluorochrome-conjugated secondary antibodies (Southern Biotechnol- 
ogy, Birmingham, AL). The number of cells of each type relevant to each 
experiment was calculated, as was the total cell number. As originally 
defined, GFAP* cells were scored as type-2 astrocytes if they were 
stellate and A2B5 + and as type- 1 astrocytes if they were fibroblast-like in 
morphology and were A2B5 ~. 

Rationale for use of the 04 antibody in analyzing generation of 02AI 
OPCsfrom GRP cells. To determine whether one cell type gives rise to 
another, it is useful to identify a marker that is expressed by one cell type 
but not by the other. This is particularly problematic for analysis of GRP 
cells and 02A/OPCs. Freshly isolated GRP and 02A/OPCs both label 
with the A2B5 monoclonal antibody. We have shown previously that 
GRP cells can express receptors for platelet-derived growth factor 
(PDGF) without losing their tripotentiality (Rao et aL, 1998). Our 
ongoing studies have revealed that tripotential GRP cells also label with 
anti-GD3 and anti-NG-2 antibodies (C. Proschel, D. Gass, and M. Mayer- 
Proschel, unpublished observations). Thus, none of these markers, which 
have been used by many others to study development of 02A/OPCs 
(Hart et aL, 1989; Yim et aL, 1995; Nishiyama et aL, 1996), allow a 
distinction to be made between GRP cells and 02A/OPCs. 

At this stage, the only remaining candidate marker for investigating 
whether GRP cells can generate 02A/OPCs is the 04 monoclonal 
antibody (Sommer and Schachner, 1981). This antibody can be used to 
define a secondary stage of 02A/OPC development, in which 
A2B5 + 04 " 02A/OPCs give rise to cells that are A2B5 + and also 04 + . 
The great majority of 02A/OPCs isolated from the p7 optic nerve are 
04 (M. Noble, unpublished observations), whereas GRP cells are 04 ~ 
(Rao and Mayer-Proschel, 1997; Rao et al., 1998). In addition, it has been 
shown that development of GalC + oligodendrocytes in the 02A/OPC 
lineage is preceded by the appearance of cells that are 04 * but GalC ~ 
-( Sch ac hner e t aL f -l981-;-Sommer- and Scha€hrier,-1£&^-Bansal et aL , 1989;- 
Gard and Pfeiffer, 1990, 1993). Critically, 04 + GalC" cells isolated from 
many regions of the postnatal CNS, including spinal cord, are bipotential 



cells capable of differentiating into both oligodendrocytes and type-2 
astrocytes (Trotter and Schachner, 1989; Barnelt et aL, 1993; Grzen- 
kowski et aL, 1999). 04 + GalC~ cells also can be induced to proliferate 
in vitro and in this respect are not terminally differentiated (Small et aL, 
1987; Trotter et al., 1989; Gard and Pfeiffer, 1990; Reynolds and Wilkin, 
1991; Warrington and Pfeiffer, 1992; Avossa and Pfeiffer, 1993; Bamett et 
aL, 1993; Gard et aL, 1995). Thus, although some authors have preferred 
to consider 04 + GalC ~ cells (isolated from postnatal animals or derived 
from 02A/OPCs) as more committed "oligodendroblasts," the 
04*GalC~ cells studied thus far express those characteristics (in par- 
ticular, bipotentiality in vitro and ability to divide) that are most impor- 
tant in defining a cell as being a bipotential 02A/OPC. 

Clonal analysis of El 3.5 GRP cell-derived 04* cells. We confirmed the 
differentiation potential of a cell by clonal differentiation analysis, as used 
in our previous studies on GRP cells (Rao and Mayer-Proschel, 1997; 
Rao et aL, 1998) and extensive studies on 02A/OPCs (Ibarrola et aL, 
1996; Smith et aL, 2000); this is the only technique that allows the 
differentiation characteristics of individual precursor cells to be unam- 
biguously ascertained. The basic strategy used to conduct such analyses 
in the present studies was as follows: GRP cells were isolated from E13.5 
spinal cord as described previously and grown either for 24 hr or for 21 d 
in the presence of bFGF (10 ng/ml) before being exposed to the condi- 
tion most effective at generating 04 + GalC" cells (i.e., chemically de- 
fined medium supplemented with 10 ng/ml PDGF-A chain homodimer; 
Peprotech, Rocky Hill, NJ) and thyroid hormone (TH; Sigma, SL Louis, 
MO). It is critical to note that GRP cells grown for 24 hr in FGF do not 
express PDGF receptor-a (PDGFR-a), whereas long-term cultured GRP 
cells express this receptor. We have determined that when grown in the 
presence of FGF, GRP cells remain tripotential regardless of their 
PDGF receptor status (Rao et aL, 1998). After periods of additional in 
vitro growth indicated in Results, cultures were labeled with both 04 and 
anti-GalC antibodies, followed by appropriate fluorescein- and rhodamine- 
conjugated secondary antibodies. Fluorescence-activated cell sorting was 
then used to obtain populations of 04 + GalC ~ cells. 04 + GaJC ~ cells were 
plated at clonal density and single 04 ""GalC ~ cells were identified and 
circled. Cells were induced to divide for 5 d (in PDGF/bFGF at 10 ng/ml), 
and clones were switched to PDGF plus TH or 10% FCS when they 
reached a density of 5-10 cells. After 10 or 3 d, respectively, clones were 
stained with the A2B5, anti-GFAP, and anti-GalC antibodies. Control cells 
were switched to PDGF plus TH or 10% FCS without previous prolifera- 
tion and stained after an additional 10 and 3 d, respectively. The results of 
our clonal analyses are shown in Tables 1 and 2. 

Immunostaining of clones. Staining procedures were as described pre- 
viously (Rao and Mayer-Proschel, 1997). Briefly, the A2B5 and anti-GalC 
antibodies were grown as hybridoma super na tan ts (American Type 
Culture Collection, Manassas, VA) and used at a dilution of 1:2. The 04 
hybridoma cell line was a generous gift from Use Sommer (University of 
Glasgow, Glasgow, UK), and its supernatant was also used at a 1:2 
dilution. Anti-GFAP (polyclonal, rabbit anti-cow; purchased from Dako, 
Glostrup, Denmark) was used at a 1:100 dilution and applied overnight 
All secondary antibodies [i.e., goat anti- mouse IgM-biotin, IgG3- 
-tetramethytrhoda min e B is othioc y ana te, goa t- a nti- rab bit~lg-{heavy-and— 
light chain)-FITC (Southern Biotechnology), and streptavidin (Molecu- 
lar Probes, Eugene, OR)] were used at a 1:100 dilution. Anti-NG2 
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Table 2. NSC-derived A2B5 + cells represent GRP cells 

Ventral E10.5 spinal cord-derived Dorsal El 0.5 spinal cord-derived 

GFAP+ GFAP" 
A2B5 + A2B5 + 

and GFAP + GFAP + and GFAP* GFAP* 

Antigenic phenoty pes of cells GFAP" A2R5" A2B5" A2B5" GFAP + A2B5~ A2B5" A2B5* 

within clones A2B5" only only only GalC + A2B5~ only only only GalC + 

Percentage of clones (total number) 

after 7 d in 10% FCS/bFGF 70(59) 0 0 30(26) 0 83(68) 0 0 17(14) 0 

Percentage of clones (total number) 

after 10 d in TH/bFGF 29(33) 0 0 36(40) 35(39) 34(23) 0 0 41(29) 25 (18) 

NSCs were isolated from dorsal and ventral regions of the E10.5 spinal cord and expanded in nondifferentiation conditions. After 3 d, dorsal and ventral cultures were allowed 
to differentiate, and the appearing A2B5" cells were harvested and replated at clonal density. Expanded clones were exposed either to 10% FCS or to TH to promote 
astrocytic and oligodendrocyte differentiation, respectively (both conditions also contained FGF). Both ventral- and dorsal-derived clones generated two types of astrocytes 
in the presence of 10% FCS and GalC + oligodendrocytes in the presence of TH. All clones that contained oligodendrocytes also contained A2B5 + progenitor cells. We did 
not see any clones that contained only one type of astrocytes. The numbers shown refer to the number of clones containing different cell types but not the relative composition 
of the entire culture. For example, the great majority of astrocyte-contaiiung clones in TH only had 1-5% GFAP" K cells, suggesting that the presence of FGF allows some 
astrocyte differentiation to occur even when TH is present. Numbers in parentheses refer to the total number of clones, whereas numbers without parentheses indicate the 
percentage of clones in each category. 



antiserum was a generous gift from Dr. W. Stallcup (Burnham Institute, 
La Jolla Cancer Research Center, CA) and was used at a 1:100 dilution. 

RESULTS 

Tripotential GRP cells, which are 04" cells, generate 
bipotential 04 + GalC~ cells when grown in the 
presence of PDGF and thyroid hormone 

The first question we addressed was whether tripotential GRP 
cells can generate cells with the antigenic and differentiation 
characteristics of bipotential 02A/OPCs. This question was in- 
vestigated by a combined analysis of antigen expression and of 
differentiation potential at the clonal level. The requirement to 
use the 04 antibody (Sommer and Schachner, 1981) as a potential 
marker of 02A/OPCs is explained in Materials and Methods. 
Briefly, both GRP cells and 02A/OPCs label with the A2B5 
antibody, the NG-2 antibody (Stallcup and Beasley, 1987), and the 
anti-GD3 antibody (Seyfried and Yu, 1985), and both populations 
can express PDGF receptors while maintaining their character- 
istic differentiation potential. Thus, of all of the markers that have 
been used to study the ancestors of oligodendrocytes, it was only 
the 04 antibody that remained potentially useful in this context 
We designed experiments that would allow us to answer the 
following questions: (1) are there in vitro growth conditions that 
promote the generation of 04 + GalC ~ cells from 04 ~ GRP cells, 
and (2) do GRP cell-derived 04 + GalC~ cells still behave like 
tripotential GRP cells or do they now behave like bipotential 
02A/OPCs? 

We first examined the effects on GRP cells of a wide variety of 
conditions (see Materials and Methods) shown previously to 
induce generation of oligodendrocytes in cultures of 02A/OPCs. 
Although astrocyte-conditioned medium in combination with TH 
was the most effective condition for inducing the appearance of 
oligodendrocytes over a 3 d time period (data not shown), it was 
growth in the presence of FGF plus PDGF plus TH that was 
associated with the generation of the greatest proportion of 
04 + GaiC~ cells. 

In cultures of freshly isolated GRP cells that were grown for 24 
hr in the presence of FGF and then additionally exposed to 
PDGF plus TH (with FGF still present), 78 ± 9% of the cells 
were Q4""GalC~ after 3 d in culture. In addition, we noticed that 
20 ± 5% of all cells were 04 + GalC + oligodendrocytes and a 
small percentage (2 ± 0.7%) of cells represented GFAP + astro- 



cytes. We never observed the appearance of any cells that were 
GalC + but 04~, consistent with previous observations that pas- 
sage through an 04 + stage is required before the expression of 
GalC immunoreactivity (Schachner et al., 1981; Sommer and 
Schachner, 1981; Bansal et al, 1989; Gard and Pfeiflfer, 1990, 
1993). GRP cell cultures that were grown in the presence of FGF 
alone contained no 04 + cells, and previous studies have demon- 
strated that GRP cells expanded in this manner retain the ability 
to generate oligodendrocytes, type-1 astrocytes, and type-2 
astrocytes. 

Although previous studies have shown that 04 + GalC~ cells 
isolated from postnatal animals or derived from bipotential 02A/ 
OPCs are bipotential in vitro (Trotter and Schachner, 1989; Bar- 
nett et al., 1993; Grzenkowski et al., 1999), it cannot be assumed 
that such differentiation characteristics necessarily apply to 
04 + GalC ~ cells derived from tripotential GRP cells. To deter- 
mine the differentiation potential of GRP cell-derived 
04 ^GalC ~ cells, we cultured expanded GRP cells in the pres- 
ence of FGF for several days, grew them in the additional pres- 
ence of PDGF plus TH for 3 more days, purified the 04 + GalC ~ 
cells, and analyzed their differentiation potential in clonal cul- 
tures. Extending the previous expansion period in FGF in this 
manner resulted in a higher percentage of the cells in the culture 
remaining 04 ~, thus allowing the study of this population also. 

Cloned 04 + GalC ~ cells derived from GRP cells expressed the 
bipotential differentiation characteristics associated with 02A/ 
OPCs. When grown in conditions that induced generation of 
astrocytes, 04 + GalC~ cells derived from GRP cells exhibited 
the typical differentiation response of 02A/OPCs. In the pres- 
ence of 10% FCS, the only astrocytes generated in 21 of 22 clones 
derived from 04 + GalC~ cells were type-2 astrocytes (i.e., 
A2B5 + GFAP + stellate cells; Table 1 and Fig. IA). Only one 
clone generated type-l-like astrocytes (i.e., A2B5~GFAP + cells 
with a fibroblast-like morphology), a frequency low enough to be 
consistent with the possibility that this one clone had been mis- 
labeled at the beginning of the experiment. This outcome was 
very different from that obtained with GRP cells themselves, 
clones of which generate a combination of type-1 and type-2 
astr ocytes in these conditi o ns (Rao e t al., 1998) . Moreover, the 
04 "GalC ~ cells that remained after the purification process 
were still tripotential, emphasizing that the acquisition of bipo- 
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tentiality was a specific event and not merely associated with 
aging, even in conditions that promote the transition to a bipo- 
tential phenotype. When grown in the presence of 10% FCS, 
04 ~GaJC ~ cells generated clones containing a mixture of type-1 
and type-2 astrocytes (Table 1 and Fig. IB), and thus behaved as 
GRP cells. In contrast to this difference with respect to astrocyte 
induction, both 04 + GalC~ and 04~GalC~ cell-derived clones 
contained oligodendrocytes when grown in the presence of 
PDGF plus TH. 

The simplest explanation of the data obtained in the above 
experiments is that GRP cells can generate 04 + GalC ~ cells that 
exhibit in vitro the defining bipotential differentiation restriction 
of 02A/OPCs. The results also indicate that generation of such 
bipotential cells is an environmentally regulated differentiation 
event, for which PDGF and TH represent potent inducing agents. 

GRP cells can be isolated from both ventral and dorsal 
E13.5 spinal cord 

A critical component of the current understanding of oligoden- 
drocyte development in vivo is that specific precursor cells for 
oligodendrocytes first appear in the ventral spinal cord (Warf et 
ah, 1991; Pringle and Richardson, 1993; Fok-Seang and Miller, 



Figure J. GRP-derived 04 + cells are bi- 
potential and represent 02A/OPC-like 
cells. Freshly isolated GRP cells were 
grown for 3 weeks in defined medium in 
the presence of bFGF and then switched to 
a medium supplemented with bFGF and 
TH; after 5 d cultures were stained with 
the 04 antibody (see Materials and Meth- 
ods). Cells were then dislodged from the 
surface and plated at clonal density in poly- 
L-lysine-coated dishes. Single 04"*" cells 
were circled. After 3 d in culture, cells were 
exposed to medium supplemented with 
bFGF and 10% FCS. (Parallel experiments 
using BMP4 instead of FCS yielded iden- 
tical results.) After 5 d, clones were stained 
with A2B5 (rhodamine). anti-GFAP (fluo- 
rescein), and anti-GalC (coumarin) anti- 
bodies. The coumarin staining is not shown 
because none of the clones contained any 
GalC + oligodendrocytes in this condition. 
A, Clone derived from a single 04 ^GalC~ 
cell. The progeny from 04 * founder cells 
consists exclusively of A2B5/GFAP double- 
positive cells, consistent with the antigenic 
phenotype of type-2 astrocytes. B, Clone 
derived from a single 04 - GalC ~ cell. The 
progeny from 04 ~ founder cells consists of 
A2B5/GFAP double-positive type-2 astro- 
cytes and A2B5 "GFAP + cells, represent- 
ing type-1 astrocytes (indicated by arrows). 

1994; Timsit et al., 1995; Hall et al., 1996; Miller, 1996; Rogister 
et al., 1999; Richardson et al., 2000; Spassky et al., 2000). We 
subsequently determined whether GRP cells are selectively local- 
ized in the ventral spinal cord at or before the time when putative 
oligodendrocyte precursor cells first appear ventrally. Because 
previous studies have shown that GRP cells are already present at 
E13.5 (Rao et al., 1998), we microdissected dorsal and ventral 
portions of the E13.5 cord to determine the regional distribution 
of GRP cells; this is a half day earlier than the earliest reported 
appearance of specific oligodendrocyte precursor cells, as defined 
by expression of the PDGF receptor (Hall et al., 1996). Freshly 
isolated cells from dorsal and ventral cord were immunolabeled 
with A2B5 antibody, purified by fluorescence-activated cell sort- 
ing, and plated at clonal density on grid dishes in different 
conditions as described below. In three independent experiments, 
the dorsal spinal cord consistently contained an average of 19 ± 
8% A2B5 + cells, whereas the ventral portion contained an aver- 
age of 52 ± 7% A2B5 + cells. Thus, although the ventral cord 
contained a higher proportion of A2B5 + cells than did the dorsal 
cord, such cells were found in both regions of the cord. 

To determine whether dorsal- and ventral-derived A2B5 + cells 
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were GRP cells, the A2B5 + clones were first grown in the 
presence of bFGF until they reached a size of 10-20 cells. 
Astrocytic differentiation was then induced by exposing cultures 
for 3 d to 10% FCS. All clones contained both A2B5"GFAP + 
type-1 astrocytes and A2B5 + GFAP + type-2 astrocytes indepen- 
dent of their site of isolation. Thus, these cells were typical of 
GRP cells in their ability to generate two distinct astrocyte 
populations. Generation of oligodendrocytes was also possible 
with both ventral- and dorsal-derived cells, as discussed in the 
following section. 

GRP cells derived from both the ventral and dorsal 
E13.5 spinal cord can generate 02A/OPCs, 
oligodendrocytes, and astrocytes 

Because expression of PDGF receptor-a in the E14 spinal cord 
has been interpreted to be an indication of a preferential ventral 
origin of oligodendrocytes (Pringle and Richardson, 1993; Hall et 
al., 1996), we asked whether ventral- and dorsal-derived GRP 
cells differed in their ability to generate 02A/OPCs and /or oli- 
godendrocytes. GRP cells were isolated from ventral or dorsal 
E13.5 spinal cord as described in the preceding section. Freshly 
isolated cells were plated at a low density on coverslips in the 
presence of FGF and exposed to conditions (PDGF plus TH) that 
would induce the transition into 02A/OPCs (as determined 
previously) or to conditions that would potentially inhibit a tran- 
sition into 02A/OPCs. As a potential inhibitor molecule, we used 
bone morphogenetic protein-4 (BMP4), which has been shown to 
inhibit oligodendrocyte generation (Mabie et al., 1997; Grinspan 
et al., 2000; Mehler et al., 2000; Zhu et al., 2000) and is present 
in the embryonic neural tube (D'Alessandro and Wang, 1994; 
Barth et al., 1999; Grinspan et al., 2000; Liem et al., 2000). After 
3 d of in vitro growth in the condition discussed, cells were stained 
with the 04 monoclonal antibody and with anti-GalC and anti- 
GFAP antibodies. 

In the presence of PDGF and TH, cells from both the dorsal 
and ventral spinal cord were able to generate 04 + GalC~ cells 
with equal frequencies but differed with respect to oligodendro- 
cyte generation (Fig. 2). Specifically, 88 ± 6% of dorsal-derived 
cells were 04 + GaiC~, 3 ± 2% were GalC + oligodendrocytes, 
and 3 ± 2% were GFAP + astrocytes. In contrast, 74 ± 9% of 
ventral-derived cells were 04 + GalC~, 28 ± 5% were GalC + 
oligodendrocytes, and 2 ± 1% were GFAP* astrocytes. Thus, 
although both dorsal and ventral cells were able to generate 
02A/OPCs, only ventral-derived cells generated a significant 
number of GaJC + oligodendrocytes over a 5 d time period. The 
lack of oligodendrocytes in dorsal cultures is not likely to be 
attributable to preferential cell death, because the total number of 
cells was not different in dorsal and ventral cultures (327 ± 8 and 
326 ± 38. respectively). In addition, dorsal-derived cells demon- 
strated an equal ability to eventually generate oligodendrocytes. 
If cultures were examined after 10 d in the presence of TH, 
instead of after 5 d, then 69 ± 15% of the ventral cells and 73 ± 
3% of dorsal cells were oligodendrocytes (data not shown). 

Differences between dorsal- and ventral-derived GRP cells 
were also observed in response to BMP4. When dorsal- or 
ventral-derived GRP cells were grown in the presence of BMP4 
in concentrations ranging from 1 to 100 ng/ml over 3 d, we 
observed that BMP4 promoted the generation of astrocytes in 
both dorsal and ventral cells (Fig. 3). At a low BMP concentration 
(1 ng/ml), ventral cells were more likely to differentiate into 
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Figure 2 Both dorsal- and ventral -derived GRP cells generate 
04*Ga\C~ cells. A2B5 * cells were isolated from either the dorsal or 
ventral spinal cord of E13.5 rat embryos and plated in the presence of 
bFGF supplemented with PDGF plus TH (P + TH) for 7 d. Dorsal and 
ventral cultures were then stained with 04, anti-GalC, and anti-GFAP 
antibodies. Both dorsal- and ventral-derived cultures generated compara- 
ble numbers of 04 + precursor cells. However, GalC + oligodendrocytes 
were found predominantly in ventral-derived GRP cell cultures. Only a 
small fraction of both dorsal and ventral cultures gave rise to GFAP + 
astrocytes. Two independent experiments examining six data points for 
each condition revealed comparable results. 

cultures was a transient phenomenon, in that only in dorsal- 
derived cultures did these numbers increase over the next several 
days (as discussed in the following paragraph). The addition of 10 
ng/ml BMP had an identical effect on ventral and dorsal cells 
(48 ± 3% and 54 ± 7% astrocytes, respectively). The most 
dramatic difference between ventral and dorsal cells was observed 
at high BMP doses (100 ng/ml). In this condition, ventral cells 
responded with cell death rather than cell differentiation. In 
contrast, dorsal -derived GRP cells differentiated almost com- 
pletely into astrocytes when exposed to 100 ng/ml BMP4. 

Because BMP4 at 1 ng/ml revealed differences between dorsal- 
and ventral -de rived GRP cells in the absence of toxicity, we 
subsequently examined the generation of 04 + GalC~ cells in this 
culture condition (Fig. 4A). Cells were plated at a low density on 
coverslips in the presence of FGF and BMP4 (1 ng/ml) and 
examined after 7 d to allow for the generation of 04 *GalC ' cells 
and/or GalC + oligodendrocytes. In cultures of GRP cells derived 
from dorsal spinal cord, the majority of cells (87 ± 8%) differ- 
entiated into GFAP + astrocytes, and only 12 ± 1% of the cells 
were 04 + GalC". We did not observe any GalC + oligodendro- 
cytes in these cultures. In contrast, when ventral-derived cells 
were exposed to 1 ng/ml BMP for 7 d, 47 ± 8% differentiated into 
astrocytes (as observed for 3 d time point discussed previously) 
and 52 ± 1% of the cultures consisted of 04 + GaJC ~ cells. Again, 
we did not observe any GalC" oligodendrocytes. Thus, BMP4 
exposure was associated with a strikingly more significant de- 
crease in the number of 04 + GaJC~ cells in dorsal- than in 
ventral-derived GRP cells. 

We subsequently determined whether the addition of TH, a 
potent inducer of the generation of 04 + GaIC~ cells and /or 
oligodendrocytes, could coun teract the effects of BMP4 (Fig. AB\ 



astrocytes than were dorsal cells (45 it 4% vs 14 it 4%, respec- 
tively). The preferential generation of GFAP + cells in ventral 



Dorsal and ventral cells were exposed to BM P at 1 ng/ml in the 
presence of TH at 50 nM for 7 d before the cultures were labeled 
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Figure 3. BMP4 induces differentiation of astrocytes from 
dorsal- and ventral-derived A2B5 + cells in a dose-dependent 
manner. A2B5 + cells, isolated from either the dorsal or 
ventral spinal cord of El 3.5 rat embryos, were plated at a low 
density in the presence of bFGF and increasing concentra- 
tions of BMP4 (0.1-100 ng/ml). After 3 d, cultures were 
labeled with anti-GFAP antibodies and the number of astro- 
cytes was determined. Whereas dorsal cultures exhibited a 
continuous, dose-dependent increase in the number of 
GFAP + astrocytes, ventral-derived GRP cells generated sig- 
nificantly more astrocytes at lower doses of BMP (1 ng/ml) 
at this time point, and higher doses of BMP4 (100 ng/ml) 
proved to be lethal to ventral-derived GRP cells. 
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Figure 4. Differential effects of BMP4 on dorsal- and 
ventral-derived GRP cells. GRP cells were isolated from 
either the dorsal or ventral spinal cord of E13.5 rat embryos 
and plated at a low density in the presence of FGF and 
BMP4 (A) (1 ng/ml) or FGF, BMP4 (1 ng/ml), and TH (B). 
To allow for oligodendrocyte generation, cultures were ex- 
amined after 7 d for the presence of 04 *GalC ~~ precursor 
cells or GalC * oligodendrocytes. Although GalC + oligoden- 
drocytes were only found in ventral GRP cell cultures con- 
taining TH, both dorsal- and ventral-derived cultures con- 
tained 04 + GalC~ precursor cells. In the presence of BMP, 
the ability of dorsal GRP cells to generate 04 + GalC~ pre- 
cursor cells was lower than that of ventral-derived cultures; 
this was not changed by the addition of TH. 



with 04, anti-GalC, and anti-GFAP antibodies. As shown in 
Figure 4B y the addition of TH had little or no effect on the 
generation of 04 + GalC~ cells in both dorsal and ventral cul- 
tures. However, we did detect a small but significant increase 
(p < 0.002) in the number of GalC + oligodendrocytes specifi- 
cally in the ventral-derived cells. This effect was not seen in 
dorsal -de rived cultures. 

GRP cells can be generated from dorsal and ventral 
neuroepithelial stem cells of the E10.5 spinal cord 

Our results thus far demonstrate that there is a dorsal -ventral 
gradient in GRP cell distribution in the spinal cord of the El 3.5 
rat, and that dorsal- and ventral-derived GRP cells are dissimilar 
in their abilities to generate oligodendrocytes over short time 
periods in vitro. In addition, these two populations differ in their 
response to BMP. Because GRP cells themselves are derived 
from neuroepithelial stem cells (NSCs) (Rao and Mayer- 
Proschel, 1997), we subsequently determined whether dorsal- and 
ventral-derived NSCs differed in their capacity to generate GRP 
cells. 

In these experiments, E10.5 spinal cord [at which time point all 
cells are NSCs (Kalyani et al., 1997)] was microdissected into 
dorsal and ventral regions. Dissociated cells were plated at clonal 
density on fibronectin/laminin-coated grid dishes in the presence 



of 10 ng/ml bFGF and embryonic chick extract (CEE), a condi- 
tion that prevents differentiation of NSCs (Kalyani et al., 1997). 
After 3 d in culture, when clones reached a size of 20-50 cells, 
CEE was removed to allow the clones to differentiate into lineage- 
restricted precursor cells (Kalyani et al., 1997; Mayer-Proschel et 
al., 1997; Rao and Mayer-Proschel, 1997). After 5 d in the absence 
of CEE, clones were stained with A2B5 antibody and the number 
of clones containing A2B5 + cells was determined. 

Both dorsal- and ventral -derived NSCs generated A2B5 + cells 
with a similar efficiency. From a total number of 175 ventral- 
derived NSC clones, 152 (i.e., 87%) contained A2B5 + cells after 
5 d of in vitro growth. Similarly, 200 of 213 (84%) dorsal-derived 
NSC clones cell clones contained A2B5 + cells at this time point. 
Analysis of the differentiation potential of A2B5 + cells derived 
from dorsal and ventral NSCs confirmed that these cells ex- 
pressed the differentiation characteristics of GRP cells (Table 2). 
These experiments were performed as described previously (Rao 
and Mayer-Proschel, 1997). Briefly, clones were stained with 
A2B5 as live cells and single clones were picked and replated into 
grid dishes. Single A2B5 + cells were marked and expanded in 
th e presence of bFGF. After clones reached a size of 20-40 
cells (5 d), they were switched to 10% FCS to generate astro- 
cytes. After 7 d, clones were stained with A2B5 and anti- 
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Figure 5. Sequential lineage restriction in the glial lineage 
of the C NS. A side-by-side comparison of the salient features 
of two lineage-restricted glial precursors of the CNS is 
shown. The evidence presented here strongly suggests a 
progressive and sequential transition from the tripotentia] 
GRP cell to the bipotential 02A/OPC. In the developing 
spinal cord, it currently seems most likely that this transition 
is controlled in a temporal and spatial pattern and is regu- 
lated by cell-extrinsic signaling molecules (Pringle et al., 
1992; Rao and Mayer-Proschel, 1997; Rao et al., 1998). 
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GFAP antibodies. All astrocyte-containing clones always con- 
tained a mixture of type-1 and type-2 astrocytes, regardless of 
whether they were generated in dorsal- or ventral-derived cul- 
tures and whether they were generated in response to FCS (or 
BMP, data not shown). A smaller number of clones consisted of 
A2B5 + cells only, and none of these clones contained oligoden- 
drocytes. (Table 2). In contrast, exposure of clones to PDGF plus 
TH for 10 d was associated with oligodendrocyte generation in all 
clones. Although differences were not striking, significantly more 
ventral clones generated oligodendrocytes than did dorsal clones 
over this time period (35 ± 7% vs 25 ± 2%, respectively; p < 
0.02). 

DISCUSSION 

One of the essential challenges that arises with the discovery of 
any new precursor cell population is to determine how these cells 
might be integrated into (or might alter) existing views on tissue 
development. In the present studies on the tripotentia! GRP cell 
of the embryonic rat spinal cord, we have found that this recently 
discovered novel glial precursor cell can generate progeny with 
the antigenic phenotype and differentiation characteristics of 
bipotential 02A/OPCs. This process is regulated by cell- 
exogenous signaling molecules, with growth in the presence of 
PDGF plus TH being particularly effective in promoting such 
differentiation. In contrast to previous suggestions that putative 
oligodendrocyte precursor cells are localized in ventral regions of 
the El 4 spinal cord (Warf et al., 1991; Pringle and Richardson, 
1993; Fok-Seang and Miller, 1994; Timsit et al., 1995; Hall et al., 
1996; Miller, 1996; Rogister et al., 1999; Richardson et al., 2000; 
Spassky et al., 2000), GRP cells could be isolated from both the 
dorsal and ventral cord of El 3.5 rats. However, there were dif- 
ferences between dorsal- and ventral-derived GRP cells in their 
response to conditions that promote or inhibit generation of 
02A/OPCs or oligodendrocytes, with ventral-derived GRPs ex- 
hibiting a greater propensity to differentiate along the oligoden- 
drocyte lineage. 

The demonstration that GRP cells can yield 02A/OPCs inte- 
grates these two glial precursor cell populations for the first time 
and indicates that their relationship is one of sequential lineage 
restriction rather than being independent precursors that gener- 
ate oligodendrocytes. In light of our present studies, the simplest 
model of oligodendrocyte generation that appears to be consis- 
tent with all available data would be that production of these cell 
types requires the initial generation of GRP ceils from NSCs 
followed by the generation of 02A/OPCs from GRP cells (Fig. 
5). Our previous studies (Rao and Mayer-Proschel, 1997; Rao et 
al., 1998) indicated strongly that GRP cells are a necessary 
intermediate between NSCs and differentiated glia, and our 
present studies raise the possibility that 02A/OPCs are a neces- 



sary intermediate between GRP cells and oligodendrocytes. De- 
spite the fact that both GRP cells and 02A/OPCs are A2B5 + , it 
seems unlikely that the 04 + GalC~ cells studied in our in vitro 
experiments were derived from a subset of A2B5 + 04~ bipoten- 
tial 02A/OPCs present in the original GRP cell culture. In our 
previous characterizations of GRP cells derived from E13.5 spi- 
nal cords, we consistently failed to find clones that gave rise 
exclusively to type-2 astrocytes when exposed to 10% FCS, even 
when cells were serially recloned three times over a period of 
several weeks (Rao et al., 1998). Moreover, analysis of hundreds 
of putative GRP cell clones thus far has failed to reveal clones 
that generate only type-2 astrocytes when exposed to FCS or 
BMPs (Mayer-Proschel, unpublished observations). Thus, it ap- 
pears that the generation of cells with the characteristics of 
02A/OPCs is a differentiation event that requires exposure of 
GRP cells to appropriate inductive signals, such as PDGF plus 
TH. Moreover, we could find no GalC + 04 ~ oligodendrocytes in 
any conditions, which would have at least raised the possibility 
that oligodendrocytes might be generated directly from GRP 
cells. Such results are consistent with previous observations that 
passage through an 04 + GalC ~ stage of development is required 
for oligodendrocyte generation from bipotential 02A/OPCs 
(Gard and Pfeiffer, 1990, 1993; Gard et al., 1995). Our data are 
also consistent with other studies indicating that 04 + GalC" cells 
are bipotential (Trotter and Schachner, 1989; Barnett et al., 1993; 
Grzenkowski et al., 1999). 

It remains formally possible that GRP cells might be able to 
generate oligodendrocytes without passage through an interme- 
diate 02A/OPC stage, or that NSCs could generate 02A/OPCs 
without going through a GRP cell stage. Nonetheless, it is im- 
portant to stress that no data exist to support the possibility that 
02A/OPCs are directly generated from NSCs or that oligoden- 
drocytes are directly generated from either NSCs or GRP cells. 
Thus, the developmental pathway we suggest is at present the 
only one supported by experimental observations. 

It is of particular interest to find that ventral-derived GRPs 
seem to differ from dorsal cells in such a manner so as to have an 
increased probability to generate 02A/OPCs and/or oligoden- 
drocytes, even in the presence of BMP. Thus, it may prove 
necessary not only to study GRP cells but also to focus attention 
on ventral-derived GRP cells to understand the mechanism of 
action of those factors that eventually lead to oligodendrocyte 
generation. It will be of considerable interest to determine 
whether these differences are intrinsic to ventral- or dorsal- 
derived GRP cells or are acquired as a consequence of exposure 
t o particular enviro nmental si gnals. It also will be of inter est to 
determine whether the 02A/OPCs generated from dorsal and 
ventral GRP cells themselves differ in their responsiveness to 
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inducers of oligodendrocyte generation, an interpretation that 
wouJd be consistent with our data (Fig. 42?). In addition, our 
observation that the responsiveness of GRP celJs to PDGF plus 
TH as promoting signals of 02A/OPC and oligodendrocyte gen- 
eration may decrease with increased GRP eel J expansion in vitro 
is reminiscent of our previous findings that 02A/OPCs expanded 
for continued periods become less responsive to PDGF as a 
mitogen (Bogler et ah, 1990). Although the biological implica- 
tions of this observation with respect to GRP cell biology require 
additional investigation, this result does emphasize the impor- 
tance of expanding precursor cell populations in vitro as mini- 
mally as possible in studies on the function of exogenous signaling 
molecules. 

It is important to consider the question of whether all previous 
studies attempting to define the early origin of the oligodendro- 
cyte lineage have in fact been describing early differentiation 
events affecting GRP ceJls. It is clear from our previous work that 
GRP cells can express the PDGFR without losing their tripoten- 
tial character (Rao et al., 1998). In addition, our ongoing work 
(Proschel, Gass, and Mayer-Proschel et al., unpublished observa- 
tions) is demonstrating that GRP cells can also be NG-2 + and 
GD3 + , two other antigens that have been used in studies on 
02A/OPCs (Mayer-Proschel, unpublished observations). More- 
over, it currently appears that GRP cells are the dominant (if not 
exclusive) A2B5 + cell population in the spinal cord until as late 
as E17 (Mayer-Proschel, unpublished observations). Thus, it is 
beginning to seem likely that events such as expression of PDGFR 
in ventral A2B5 + cells may reflect a differentiation process in 
GRP cells rather than the transition to being an 02A/OPC. 
Analyzing the early stages of generation of 02A/OPCs from 
GRP cells, whether in vitro or in vivo, will require identification of 
a marker that can be used to antigenicaliy distinguish GRP ceils 
from the A2B5 + 04 " stage of 02A/OPCs. As indicated, none of 
the markers currently available seem to enable this distinction. 

The field of developmental neurobiology is in the early stages 
of determining the relationship between different lineage- 
restricted precursor cells in the CNS, and our present experi- 
ments represent a critical step in determining whether GRP cells 
may be the ancestors of all glial populations of the spinal cord. 
Our present observations are consistent in two ways with such a 
suggestion. First, if this hypothesis were to be correct, then GRP 
cells should be able to give rise to 02A/OPCs (as we have found). 
We also would anticipate that GRP cells would be found in both 
the dorsal and ventral cord, although they may generate different 
progeny in these two regions. In future studies, it will be impor- 
tant to discover whether precursor cells with the properties of 
GRP cells also exist in other regions of the CNS. In addition, it 
will be important to determine whether other progeny of GRP 
cells include the A2B5 + astrocyte precursor cells present in 
embryonic (El 7) spinal cord and originally described by Fok- 
Seang and Miller (1992, 1994), the putative astrocyte precursor 
cells from the embryonic mouse cerebellum described by Seid- 
man et al. (1997), the astrocyte precursor cells described by Mi 
and Barres (1999), or the pre-02A progenitor cell described by 
Grinspan et al. (1990). In addition, it is of importance to deter- 
mine whether the developmental inter-relationships that seem to 
exist in the spinal cord also apply to development of the brain. By 
identifying the relationship between these developmental path- 
ways and the signals responsible for these transitions, we will 



move closer to a comprehensive understanding of glial develop- 
ment in the CNS. 
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